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Preface
The presented results were carried out during my doctoral studies during which
I was employed as scientific assistant at the Institute of Physical Chemistry and
Electrochemistry at the Gottfried Wilhelm Leibniz Universita¨t Hannover under the
supervision of Prof. Dr. Armin Feldhoff.
Six research articles are represented within this thesis. The measurements as well
as data interpretation were done by myself, except one article, that was prepared by
M. Sc. Michael Bittner (section 3.2). Prof. Dr. Armin Feldhoff taught me the art of
manuscript preparation. The manuscripts were prepared by myself with great help of
my supervisor. Furthermore I acknowledge helpful discussions from M. Sc. Michael
Bittner. In the last three years he and myself developed measurement setups for
thermoelectric material and generator characterisation.
The first two articles comprehend the synthesis and chararcterisation of novel oxide-
based thermoelectric composite materials. The article Experimental and theoreti-
cal thermoelectric investigations of n− type composite oxide materials contains
the investigations of an n-type Zincite-Perovskite composite material and the theo-
retical descriptions for thermoelectric coupling of composite materials. The resulting
equations were validated by thermoelectric characterisation and X-ray diffraction
measurements for determination of fractional compositions. In the second article,
Enhanced flexible thermoelectric generators based on oxide−metal composite ma-
terials, oxide-metal composites were synthesised. P-type Ca3Co4O9-based compos-
ite materials were synthesised, characterised and applied in flexible thermoelectric
generators. The results of those investigations were interpretated in the framework
of the postulations published by Dario Narducci. In terms of thermoelectric material
modification the role of the heat conductivity is contradictory. It is all about the
decision of creating materials with high thermoelectric conversion efficiency or high
electrical power output.
Chapter 3 represents two articles that comprehend the application of thermoelec-
tric materials in generators. The rigid design with chess board geometry exhibited
advantageous properties for high temperature application. In the article Oxide −
Based Thermoelectric Generator for High−Temperature Application Using p−
Type Ca3Co4O9 and n−Type In1.95Sn0.05O3 Legs such a generator is presented. The
article An Approach to F lexible Thermoelectric Generator Fabricated Using Bulk
Materials presents flexible thermoelectric generator stripes that were constructed
with bulk materials. In contrast to the state of the art elaborated techniques as
sputtering or printing were avoided. However, mechanical flexibility and stability
are provided by those devices.
vi
Furthermore, finite-element simulations (FEM) were performed in order to develop
a tool to predict the performance of thermoelectric generators and to get a closer
view into the distributions of determining quantities inside the generator’s mate-
rials. At this point I have to thank Dennis Groeneveld who was involved in the
development of the simulation tool during his bachelor thesis. The article Finite-
Element Simulations of a Thermoelectric Generator and Their Experimental
V alidation presents the experimental validation of the tool using a commercial Bi-
Sb-Te-based device. The script-based FEM tool was applied to a home-made ther-
moelectric generator that is presented in the article Experimental Characterisation
and Finite−Element Simulations of a Thermoelectric Generator with Ceramic
p− type Ca3Co4O10 and Metallic n− type Cu0.57Ni0.42Mn0.01 Legs.
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Abstract
The thermoelectric effect leads to the possibility to construct energy conversion sys-
tems, that convert directly heat to electricity. They are handy (or even portable),
free of movable mechanics, noiseless and maintenance free. The field of research is
highly interdisciplinary and ranges from solid state chemistry for material synthesis,
including physical measurement techniques, to fabricational engineering regarding
entire thermoelectric systems as thermoelectric generators (TEG).
The (Bi,Sb)-Te based materials are those showing the best thermoelectric perfor-
mance in terms of energy conversion from a thermal energy current to an electric
energy current. But those semimetallic compounds are expensive, toxic and ther-
momechanically and thermochemically unstable. The most problematic property
is the oxidation of the tellurides, starting at temperatures of approximately 473 K
(200◦C). For temperatures above this temperature other material classes as ceramics
(synthetic oxides) exhibit beneficial behavior.
In the present work oxide phases were synthesised and the thermoelectric transport
properties were measured. Furthermore, the structures of synthesised compounds
were studied using X-ray diffraction methods and electron microscopy measurements
including the energy dispersive X-ray spectroscopy. The studied phases are p-type
and n-type semiconductors. ZnO-based phases were investigated with the result
that the charge carrier concentration is hard to increase by doping. Due to the
isolating behavior of fully oxidised ZnO-based compounds they were prepared by
mixing it with perovskite-based phases, in order to receive ceramic composite mate-
rial with beneficial thermoelelectric properties and cost reduction by using the cheap
ZnO phase. Perovskite phases as CaMnO3-based systems were also studied as single
phase compounds.
As p-type semiconductor the Ca3Co4O9-based compounds were synthesised and
studied. Aforementioned materials show a high charge carrier concentration even at
low temperatures compared to other oxide phases. Furthermore the Seebeck coeffi-
cient (thermopower) of those layered cobaltite systems is very high and the thermal
conductivity is very low. These properties make cobaltite ceramics the most effi-
cient thermoelectric oxide-compounds. The Ca-Co-O system was also prepared as
composite phase, including ceramic Cu-O and metallic Ag phases.
From synthesised materials thermoelectric generators for high- and low-temperature
application were constructed. There were two approaches to assemble the materials
to form a thermoelectric energy conversion system. The first one is the conventional
rigid design fixing the electrical series connection of material legs between Al2O3-
plates. The second design is a flexible one where the materials were assembled on
a flexible fiber band. These strip-TEGs are constructed as open systems that are
xcompacted by coiling after fabrication. Related to both designs materials were ex-
changed to match the TEG’s properties to certain temperature conditions.
To predict a generator’s performance and get to know about the distributions of
determining quantities inside the generator’s materials a finite element (FEM) sim-
ulation tool was developped. The model was validated with experimental data of
a commercially available thermoelectric generator and then used to simulate house-
made generator systems.
Keywords:
Thermoelectric, Materials, Generators
Zusammenfassung
Der thermoelektrische Effekt ero¨ffnet die Mo¨glichkeit Energie-Konversionssysteme
zu konstruieren, die einen thermischen Energiestrom direkt in einen elektrischen En-
ergiestrom umwandeln. Diese thermoelektrischen Generatoren sind handlich (oder
sogar tragbar), frei von mechanisch beweglichen Teilen, gera¨uschlos und wartungs-
frei. Das Forschungsgebiet der Thermoelektrik ist ho¨chst interdisziplina¨r und reicht
von Festko¨rperchemie fu¨r die Materialsynthese, physikalische Messmethoden bein-
haltend, bis hin zur Konstruktion kompletter thermoelektrischer Systeme wie ther-
moelektrischer Generatoren (TEG).
Die (Bi,Sb)-Te basierten Materialien zeigen die beste Perfomance in Bezug auf die
Konversionseffizienz. Diese intermetallischen Verbindungen sind jedoch teuer, giftig
und thermomechanisch und thermochemisch instabil. Die problematischste Eigen-
schaft ist die Oxidation des Tellurids, die bei etwa 473 K (200◦C) eintritt. Oberhalb
dieser Oxidationstemperatur zeigen andere Materialien wie Keramiken vorteilhafte
Eigenschaften.
In der vorliegenden Arbeit wurden verschiedenartige Oxid-Verbindungen synthetisiert
und deren Transporteigenschaften gemessen. Weiterhin wurden die Strukturen der
synthetisierten Phasen mithilfe von Ro¨ntgen-Strukturuntersuchungen besta¨tigt und
die Daten mit der Rietveld Methode analysiert. Die Strukturen wurden weiter-
hin mit elektronen-mikroskopischen und energie-dispersiven Techniken untersucht.
Die synthetisierten und analysierten Verbindungen beinhalten sowohl n- als auch
p-Halbleiter. ZnO basierte Phasen wurden untersucht, mit dem Ergebnis, dass
die Ladungstra¨gerkonzentration mit Bezug auf die elektrische Leitfa¨higkeit durch
Dotierung kaum modifiziert werden kann. Aus diesem Grund wurden die ZnO
basierten Verbindungen in Komposit-Keramiken verwendet, indem sie mit Perovkit
Verbindungen gemischt wurden. Die Perovkite wurden ebenfalls als separate Phasen
untersucht. Die CaMnO3 basierten Verbindungen zeigen, wie auch ZnO, einen elek-
tronischen n-Typ Leitungsmechanismus.
Als Basis p-Halbleiter wurde Ca3Co4O9 verwendet. Dieses Material weist, verglichen
mit anderen thermoelektrischen Oxiden, eine moderate Ladungstra¨gerkonzentra-
tion auch bei tieferen Temperaturen nahe der Raumtemperatur auf. Dieses Sys-
tem zeigt weiterhin einen hohen Wert des Seebeck Koeffizienten (Thermokraft) und
eine geringe thermische Leitfa¨higkeit. Diese Eigenschaften machen die Cobaltit
Keramiken zu den effizientesten thermoelektrischen Oxid-Verbindungen, die heute
bekannt sind. Das Ca-Co-O System wurde ebenfalls als Kompositmaterial hergestellt,
die neben der Hauptphase auch Cu-O Phasen und metallische Ag Einschlu¨sse bein-
halten.
Die synthetisierten Materialien wurden in thermoelektrischen hoch- und tieftemper-
xii
atur Generatoren verbaut. Fu¨r das Design der Generatoren wurden zwei Ansa¨tze
verfolgt. Ein Ansatz zielt auf den konventionellen starren Aufbau ab, bei dem die
elektrische Reihenschaltung der thermoelektrischen Material Schenkel zwischen zwei
keramischen Al2O3 Platten realisiert wurde. Der zweite Ansatz beinhaltet eine mech-
anisch flexible Lo¨sung, bei der die thermoelektrischen Materialien auf einem flexi-
blen Substratband aufgebracht wurden. Die flexiblen Streifengeneratoren werden
als offene Systeme konstruiert und im Nachhinein mittels Aufwickeln kompaktiert.
Bezu¨glich beider Bauweisen wurden Materialien ausgetauscht, um die Eigenschaften
der Generatoren zu variieren und an verschiedene Temperaturbedingungen anzu-
passen.
Um die Leistungseigenschaften der Generatoren vorherzusagen und die Verteilung
der bestimmenden Gro¨ßen innerhalb der eingebauten Materialien zu bestimmen,
wurden Finite-Elemente-Simulationen (FEM) durchgefu¨hrt. Das Modell wurde mit-
hilfe experimenteller Daten des vermessenen kommerziell erha¨ltlichen thermoelek-
trischen Generators validiert und anschließend auf einen hausgemachten Prototypen
angewendet.
Schlagwo¨rter:
Thermoelektrik, Materialien, Generatoren
Abbreviations
CCO Ca3Co4O9
EDTA Ethylendiaminetetraacetic acid
EDXS Energy Dispersive X-ray Spectroscopy
EELS Electron Energy Loss Spectroscopy
FEM Finite-Element Simulation Method
HRTEM High Resolution Transmission Electron Microscopy
ITO In2−xSnxO3
LCMO (Ca,La)MnO3 perovskite
SAED Selected Area Electron Diffraction
SEM Scanning Electron Microscopy
TE Thermoelectric
TEG Thermoelectric Generator
TEM Transmission Electron Microscopy
XRD X-ray Diffraction
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Publications and Conferences I
1 Introduction
1.1 Development of thermoelectric research
The thermoelectric effect was primarily obtained by Thomas Johann Seebeck in
1895 [1]. Related effects as the Peltier effect and the Thomson effect were discov-
ered by Jean Charles Athanase Peltier and William Thomson, respectively. The
combination of thermodynamics (dynamics of heat) and electrodynamics (dynamics
of charge) leads to the physical descriptions of thermoelectric observations. That
means, that on the one hand the transport of heat at non-isoelectric conditions and
on the other hand the transport of charge at non-isothermal conditions were started
to be investigated in detail. The isoelectric material-specific heat conductivity λ
was described by Jean Baptiste Joseph Fourier [2]. The isothermal material-specific
electric conductivity σ was investigated by Georg Simon Ohm [3]. The entropy cur-
rent IS and the electric current Iq inside the regarded material with cross-sectional
area A and length L of the specimen are generated by differences of the thermal
potential ∆T and of the electric potential ∆ϕ. Such approaches give a linear depen-
dance of the generated currents and the driving forces exhibited by differences of
mentioned potentials. The coupling of bosonic (phonons) and fermionic (electrons,
defect-electrons) interactions inside the regarded matter leads to direct conversion of
thermal energy density (entropy) to electric energy density (charge) without trans-
formation by kinetic mechanism of macroscopic devices (e.g. turbine, Stirling engine,
etc). The resulting material specific coefficients that describe the interaction of men-
tioned quantities are the Seebeck coefficient α (related to thermovoltage ∆ϕth) and
the Peltier coefficient Π. The coefficients are linked via the Thomson relation con-
cerning the Joule heat that was found by William Thomson, later known as Lord
Kelvin.
Figure 1: Scientists that developed the base for thermoelectric research.
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1.2 Uncoupled transport of entropy and charge
Describing the thermoelectric transport properties of a certain material needs to
know the characteristic transport coefficients for the uncoupled transported species
of fermions and bosons [4, 5]. At high charge carrier concentration in the regarded
material the thermoelectric effect in the sence of Seebeck, the possibility of counter
ionic transport and related changes in the chemical potential are negligible. The
dominant transported charged species q are electrons e− and/or defect-electrons
(holes) h+ and the determining potential is the electrical potential ϕ. The entropy
potential is the absolute Temperature T . In the following sections the isothermal
electronic transport and the isoelectric thermal transport will be elucidated before
explaining the coupling phenomenon of illustrated transported species. For a linear
dependance of the potential gradients ∇ and the sample length L the local change
in the potentials can be expressed as differences ∆.
1.2.1 Isothermal electronic conduction
In the framework of the theory of electronic structures of solid-state matter the elec-
tronic conductivity is described using the periodicity of atomic or ionic lattices of
certain material crystals [5, 6]. The crystal orbitals are received as a linear combi-
nation of structure building atom orbitals which form energy-bands in dependance
of the wave vectors. These bands are filled with electrons applying the exclusion
principle of Pauli. The electronic structure depends on the kind and number of va-
lence electrons reffering to the regarded many-body system. By combining multiple
bodies (charge carriers) to wave-packages quasi-classical descriptions can be used.
Regarding the wave-packages the mobility µ can be described using the respective
group velocity. Equation 3 illustrates the correlation of the mobility and the group
velocity v¯ of electrons (n) and defect-electrons (p) applying an electric field ~E.
µn =
v¯n
| ~E| , µp =
v¯p
| ~E| (1)
The group velocity is a function of the effective mass m∗ which is the parameter
describing the curvature of the energy-band. In Equation 2 the dependance of the
mobility on the effective mass and the median flight time τ is shown.
µ =
e · τ
m∗
(2)
If the dominant scattering process is phonon scattering the temperature dependance
of charge carriers mobility is received as shown in Equation 3 [5, 7].
µ ∝ T− 32 (3)
The scattering mechanism of charge carriers effects the thermopower of a certain
material dramatically and infuences the temperature dependance of the Seebeck co-
efficient [7].
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The concentration of charge carriers n at the Fermi level is the second parameter
determining the electric conductivity of a certain material. The temperature depen-
dence of the charge carrier concebtartion is then obtained as shown in Equation 4
for n-type materials (left Equation) and for p-type materials (right Equation).
nn = NC · exp
(
−EC − EF
kB · T
)
, np = NV · exp
(
−EF − EV
kB · T
)
(4)
NC is the density of states (DOS) for the conduction band (electron conduction) and
NV is the density of states for the valance band (hole conduction). EC and EV are
the energies of the charge carriers in the conduction and valance band, respectively.
If no other inserted states are generated by doping, the conduction mechanism is
called intrinsic. Doping differently charged ions into the material causes additional
states in the electronic band structure of the entire material phase. If such additional
states are formed, the conduction mechanism is called extrinsic. In n-type materials,
the additional states act as donor-states. The additional state is shown in Equation
5 exbititing the density of states ND with a charge carrier concentration n
+
D and the
energy ED.
nn = np + n
+
D = NV · exp
(
−EF − EV
kB · T
)
+
ND
1 + 2exp
(
EF−ED
kB ·T
) (5)
Concerning extrinsic hole conduction the additional charge carrier concentration n+A
of the additional states NA exhibting the energy EA. The description for p-type
conduction is shown in Equation 6.
np = nn + n
+
A = NL · exp
(
−EL − EF
kB · T
)
+
NA
1 + 2exp
(
EA−EF
kB ·T
) (6)
The specific isothermal electric conductivity σ is obtained as the product of the
charge carrier mobility and the charge carrier concentration multiplied by the ele-
mental charge e.
σ = (nn · µn + np · µp) · e (7)
The specific isothermal electric conductivity is the proportionality factor for the
relation of electric potential ∆ϕ and the electric current density jq. Considering the
sample geometry with cross-sectional area A and length L, the entire electric current
Iq in the material sample is obtained by Ohm’s law.
Iq = −
(
A
L
)
σ ·∆ϕ with ∇ϕ ≈ ∆ϕ
L
(8)
The potential difference ∆ϕ is commonly expressed as voltage U . The current
density and the entire electric current are linked by the cross-sectional area A of the
sample.
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Iq = A · jq (9)
Using Equation 8, the material specific isothermal electric conductivity of a certain
sample can be estimated. The temperature dependence of intrinsic and extrinsic
conduction mechanism is shown in the illustration of Figure 2.
Figure 2: Illustration of the temperature dependence of the isothermal electric con-
ductivity for intrinsic conduction (green) and for extrinsic conduction (red) and the
charge carrier mobility (blue); a) temperature dependence of the electric conductivity
σ and charge carrier mobility µ, b) schematic density of states (DOS) for extrinsic
conduction mechanism, c) schematic density of states (DOS) for intrinsic conduction
mechanism.
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1.2.2 Isoelectrical thermal conduction
Isoelectric means, that there is no difference in the electric potential regarding the
thermal conduction through the material. The thermal conduction without consid-
ering changes in the electric potential leads to the description of heat conduction
by Fourier’s law as given by Equation 10 [8, 9], that do not especially consider the
amount of entropy transported by charge carriers. The thermal energy is transported
by bosonic lattice force carriers, namley phonons. For ideal lattice heat conduction
the electronic system of the regarded material is not influenced by changes of the
thermal potential. If the change in the electronic structure of the sample is negligi-
ble, the relation of the thermal energy flux Pth related to the entropy current IS can
be described as follows. The difference in entropy potential ∆T is obtained in the
same way the electric phenomenon is described by Ohm’s law [3].
Pth = −
(
A
L
)
λ ·∆T with ∇T ≈ ∆T
L
(10)
The proportionality factor for thermal conduction is the heat conductivity λ. The
heat conductivity λ is related to the entropy conductivity Λ via the absolute working
temperature T .
λ = Λ · T (11)
The transported quantity of entropy is then obtained by the transport equation for
entropy conduction that is presented in Equation 12.
IS = −
(
A
L
)
Λ ·∆T (12)
The heat conductivity λ is the product received by three contributions: the heat
capacity CP , the mass density ρ and the thermal diffusivity Dth. The relation is
presented in Equation 13.
λ = CP · ρ ·Dth and Λ = CP · ρ ·Dth
T
(13)
The entropy current density jS and the entire entropy current IS are linked by the
cross-sectional area of the sample A in the analog way as for electric quantities.
IS = A · jS (14)
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1.3 Coupling of entropy and charge
If a (semi-)conductive solid state material is placed in a temperature gradient an
electrical gradient will build up due to the thermodiffusion of charge carriers. The
displacement of charge carriers in the temperature gradient is caused by the depen-
dence on the position of the velocity vectors. The median velocity vector points
from the hot side to the cold side of the (semi-)conductor. The Seebeck coefficient
α is determined for the electrical open-circuit case (Iq = 0) [10–12].
For the entire algebraic description of the thermoelectric coupling phenomenon for
all possible cases it is advantageous to use a matrix illustration. The material-
specific tensor contains the material-specific coefficients that relate the differences
of regarded physical potentials to the generated fluxes. Considering the geometry of
the material sample the absolute fluxes are obtained. The entire transport-equation,
that considers each thermal and electrical situation of a regarded material sample,
is presented in Equation 15.(
IS
Iq
)
= −Aleg
Lleg
·
(
σ · α2 + Λ σ · α
σ · α σ
)
·
(
∆T
∆ϕ
)
(15)
One part of the material tensor is the power factor σα2 describing the charge carrier
related entropy conductivity with addition of the electric open-circuit entropy con-
ductivity Λ. The combined parameter σα is the coupling parameter. The isothermal
specific electric conductivity σ is the determining parameter for vanishing temper-
ature difference (∆T = 0) resulting in the isothermal description of Ohm’s law
(Equation 8). For vanishing difference in the electric potential (∆ϕ = 0) the electric
current Iq is determined by the coupling factor σα.
For determining the Seebeck coefficient α of a certain material the measurement
setup is in electrical open-circuit condition (Iq = 0). The resulting relation for this
case is shown in Equation 16.
∆ϕ = −α ·∆T (16)
The short-circuit electric current (∆ϕ = 0) is obtained as another special case,
represented in Equation 17.
Iq = −
(
A
L
)
σα ·∆T (17)
In Figure 3a the special case for electric open-circuit and in Figure 3b for the electric
short-circuit case are illustrated. Figure 3c presents the electrical characteristics
for varying the external load resistance Rload in the thermoelectric circuit, ranging
from electric open-circuit voltage (Rload = ∞ and Iq = 0) to electric short-circuit
conditions (Rload = 0 and ∆ϕ = 0).
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Figure 3: Schematic illustration for the thermoelectric coupling phenomenon. a)
Electric open-circuit situation, b) Electric short-circuit situation with displayed ther-
mal induced electric ring-current, c) Voltage-electric current and electric power-
electric current characteristics with relation to subfigures a and b).
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1.4 Conversion efficiency and electrical power
The figure of merit ZTTE for thermoelectric materials gives a relation to the con-
version efficiency and can be expressed by the parameters thermovoltage (electric
open-circuit) ∆ϕOC , the short-circuit electric current Iq,SC and the entire electric
resistivity R that is related to the geometry of the regarded sample, according to
the following descriptions [13].
ZT =
∆ϕOC
Iq,SC ·R − 1 =
σ · α2
λ
· T = σ · α
2
Λ
(18)
The first term can directly be used to estimate the figure of merit for an entire
generator ZTTEG. The figure of merit is related to the conversion efficency ηel
that increases with increasing power factor σα2 and decreases with increasing heat
conductivity λ. The conversion efficency η is an important parameter if the ther-
moelectric generator is applied in a thermal potential gradient exhibiting a finite
heat-source working at low thermal currents.
In order to maximize the electric output power Pel of a certain TEG, it is disadvan-
tage to decrease the thermal conductivity of the integrated thermoelectric materials.
Narducci published a remarkable work that gives an insight in thermoelectric power
generation using infinite heat-sources with high thermal energy input. He postulates
that the materials then needs to reach a threshold value for the thermal conductiv-
ity (not a minimized value for the thermal conductivity) to receive the maximum
electric power output [14].
Pel = −ηel · Pth = −ηel · Aleg
Lleg
· λ ·∆T (19)
Hence, for infinite heat-sources the heat conductivity λ must not have to exhibit too
low values to harvest the maximum electric power output. The amount of generated
electric power is limited by the thermal power Pth fed into the TEG at the hot side.
Regarding lower thermal resistances of the thermoelectric materials in the generator
leads to an increase of the electric power output at suboptimal conversion efficiency.
The efficiency at electric maximum power (RTEG = Rload) ηel is obtained as shown
in Equation 20.
ηel =
1
2
· Th − Tc
Th
·
(
1 +
2
Z · Th −
∆T
4 · Th
)−1
(20)
The term in front of the bracket is the Carnot efficiency ηc =
Th−Tc
Th
. Therefore
it is important to think about the intended application of a certain thermoelectric
material. In Figure 4 the relation of the conversion efficiency ηel and the electrical
power output Pel correlated to the heat conductivity λ and the thermal power Pth
is presented. For too high heat conductivities the thermal short-cut results in a
decreasing temperature diffenrence ∆T over the sample length L.
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Figure 4: Dependence of the electric power output Pel and conversion efficiency ηel
to the heat conductivity λ and the thermal power Pth. a) Schematic illustartion of
three different material legs with increasing heat conductivity: thickness of red arrows
are related to the amount of transported entropy, b) Narducci-Plot [14] for different
power factors σ · α2 showing the increase of the electric power Pel and the decrease
of the efficiency ηel with increasing heat conductivity λ.
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1.5 Thermoelectric materials
In the present work different material classes with very different thermoelectric prop-
erties were used.
• The ZnO zincite is hard to dope and the most effective modifiation is the inte-
gration of Al3+ at the Zn2+-sites [15–18]. However, this compound exhibits a large
value for the Seebeck coefficient and a low charge carrier concentration. From all
investigated thermoelectric materials the ZnO-based compounds showed the most
isolating character. ZnO-based composites are presented in section 2.2
• The Ca3Co4O9 exhibits the highest power factor of all synthesised and charac-
terised oxide-based materials. The high Seebeck coefficient and the moderate charge
carrier concentration (even at room temperature) make this compound the most
effective ceramic thermoelectric material [19–23]. Enhanced Ca3Co4O9-based com-
posite phases are presented in section 2.3.
• Perovskite type ceramic materials were also investigated. These compounds are
easy to dope. Therefore the thermoelectric properties can be adjusted in terms
of charge carrier concentration. Co-based Perovskites exhibit a p-type conduction
mechanism while the Mn-based Perovskites exhibit an n-type conduction mechanism
[24, 25]. (Ca,La)MnO3-based composites are presented in section 2.2.
• Beyond the oxide-based materials commercially available semiconductor materi-
als, namely Bi2Te3 and Sb2Te3 based compounds, were analysed. These materials
exhibit the highest figure of merit ZT of all known thermoelectric compounds. In
terms of the conversion efficiency these tellurids show the best perfomance [26–30].
A (Bi, Sb)2Te3-based generator was analysed in section 3.4.
• Alloys exhibit the highest values of the power factor. Therefore it is advantageous
to apply alloys like Cu-Ni in thermoelectric generators in order to increase the elec-
tric power output [31]. In section 3.3 and 3.5 the application of a Cu-Ni-Mn alloy is
presented.
In Figure 5 the crystallographic structures of studied materials are assembled.
Figure 5: Schematic basic structures of synthesised, investigated and characterised
thermoelectric compounds; a) ZnO Zincite, b) Ca3Co4O9, c) (Ca,La)MnO3 Per-
ovskite, d) Bi2Te3, e) Cu-Ni alloy.
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In Figure 6 the determined thermoelectric properties of investigated materials are
sumerised. The data of Bi, Fe and Cu were taken from the literature [32].
Figure 6: Determined thermoelectric parameters of materials investigated in this the-
sis plotted versus the logarithmic isothermal electric conductivity ln(σ) with dashed
arrows that mark the changes in thermoelectric properties of correlated single-phase
and composite materials; a) Figure of merit ZT (left, black axis) and power factor
σ · α2 (right, red axis), b) Seebeck coefficient α.
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1.5.1 Material synthesis via sol-gel method
Ceramic materials are advantageous for applications at high temperatures because of
their large binding energies and therefore of their high melting points. Ceramics are
versatile materials, and nowadays, they exhibit a major technological importance [9].
Due to defect chemistry and physics, especially non-stoichiometric oxides aroused
interest [33].
In the framework of the presented doctor thesis the thermoelectric oxide materials
were synthesized using the sol-gel method [34, 35]. Nitrates of structure building
cations were stoichiometrically added to an aqueous ammonia solution of pH = 9
containing citric acid and ethylendiaminetetraacetic acid (EDTA) for complexing the
solvated metal ions. The solution was stirred about 12 h at 373 K until the gelation
of the batch. The gel was transferred into a heater in order to dry and roast the
aqueous batch to a solid state intermediate. In the next step the intermediate was
calcined to a powder product providing already the aspired stoichiometry. Finally,
the powder was cold pressed and sintered to a ceramic bulk material. In Figure 7
the schematic sol-gel process is illustrated using the example of the process for the
synthesis of the Ca3Co4O9 ceramic.
Figure 7: Schematic illustration of the synthesis process via sol-gel route using the
example of the Ca3Co4O9 ceramic.
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1.5.2 Composite materials
The material synthesis that is described in the previous section can be modified
to produce composite materials. If a composite material is aspired there are two
possibilities to realise the production.
The first one is called the one-pot synthesis. Using this method the cations are
batched stoichiometrically for more than one single phase. The different structures
are build next to each other. If the radii of structure building cations in the dif-
ferent structures are very different, the composite material can be obtained with
a minimum of additional intergrown phases. If the radii are similar, the phases
interpenetrate each other and form additional phases resulting in multicomponent
systems [9]. For the case of similar ionic radii and charge of added cations the com-
posite material is better produced by the two-pot synthesis route.
Using the two-pot synthesis, the single phases are synthesised as separated powder
products. These powders are mixed up (e.g. sonification in a dispersion medium).
After homogenisation the powder mixture is dried and cold pressed. The pressed
body is then sintered for an adequate period of time to realise sintering but suppress
intergrowing of the different phases.
The thermoelectric transport Equation 15 can be extended for description of ther-
moelectric composite materials, considering the fractions fi of composite building
single phases (i = 1, 2, ...). The isothermal specific electronic composite conductivity
σcomp for a dual-phase material can be expressed as shown in Equation 21.
σcomp = f1σ1 + f2σ2 = (fσ)1 + (fσ)2 (21)
This result is based on the model of parallel plates of the materials in direction of
electric current [36]. The entire thermoelectric transport equation is then obtained
as shown in Equation 22 for a dual-phase composite including material 1 and 2 (see
section 2.2).
(
jS,comp
jq,comp
)
= f1
(
jS,1
jq,1
)
+ f2
(
jS,2
jq,2
)
= −
(
(fσα2)1 + (fσα
2)2 + (fΛ)1 + (fΛ)2 (fσα)1 + (fσα)2
(fσα)1 + (fσα)2 (fσ)1 + (fσ)2
)
·
( ∇T
∇ϕ
)
(22)
For the electrical open-circuit case (jq = 0) the relation for the Seebeck coefficient
can be extracted in the same way it was done for single phase materials, see Equation
16. The Seebeck coefficient for a dual-phase thermoelectric material is then obtained
as presented in Equation 23.
αcomp =
f1σ1α1 + f2σ2α2
f1σ1 + f2σ2
=
(fσα)1 + (fσα)2
(fσ)1 + (fσ)2
(23)
Hence, the determining parameters are the isothermal electric conductivities σi, the
Seebeck coefficients αi and the fractions fi of each contributing single phase.
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1.6 Thermoelectric generators
The construction of a thermoelectric generator (TEG) requires an electric series con-
nection of a defect-electron (hole) conductor (α > 0), where the motions of thermal
and electric currents are directed in the same direction and an electron conductor
(α < 0), where the thermal and electric currents are directed in the opposite direc-
tions [37]. The material legs assembled in electric series are commonly connected
using metallic (e.g., copper, gold, silver) connectors. If the device is placed in a drop
of thermal potential ∆T , a difference in the electric potential ∆ϕ = U builds up,
and, according to Equation 15, coupled currents IS and Iq are generated. The direct
conversion of thermal energy to electric energy is unique for thermoelectric systems.
Hence, a TEG is a device that transfers energy from an entropy current directly to
an electric current [37–39]. These properties make a thermoelectric generator useful
for recovering (waste) heat in different processes.
The design were realized for rigid devices with chess board geometry. Flexible de-
vices were also constructed assembling the thermoelectric materials on a flexible
substrate band. Schematic illustrations for both designs are presented in Figure 8.
Figure 8: Schematic illustration of thermoelectric generator design. a) Rigid design
with chess board geometry, b) Flexible design with Archimedian spiral geometry.
At the power-maximum of the characteristic parabolic power-plots the internal re-
sistance of the generator RTEG is equal to the external load-resistance Rload. The
entire resistance RTEG results in the addition of the resistances of each integrated
thermoelectric leg (neglegting the electric resistances of metallic connectors). The
maximum electric power output is then received by Equation 25.
Pel,max =
(∆ϕOC)
2
4 ·RTEG =
(Σ αp−leg − Σ αn−leg)2
4 · (Σ Rp−leg + Σ Rn−leg)∆T
2 (24)
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The thermovoltage ∆ϕ (U) increases with increasing number of integrated thermo-
electric legs. But the entire electric resistivity of the TEG RTEG also increases with
increasing number of legs. For application it is therfore important to think about
the balance of open-circuit voltage ∆ϕOC (UOC) and short-circuit electric current
Iq,SC to harvest the maximum electric energy. Neglegting the connector resistivities
the entire resistance is obtained as sum over all leg-resistances that are included in
the generator:
RTEG = Rleg1 +Rleg2 +Rleg3 + ... (25)
The principle function of a thermoelectric generator, that generates a thermal in-
duced electric ring current, is illustrated in Figure 9.
Figure 9: Principle function of a thermoelectric generator with displayed entropy flux
(solid arrows) and electric flux (dashed arrows): The entropy flux is running from the
hot to the cold side of the device, while the electric ring-current passes the device
through the electric series connection of thermoelectric materials. a) rigid chessboard
design, b) flexible stripe design.
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2 Thermoelectric materials
research
2.1 Summary
This chapter exhibits the research dealing with material investigations. Doping of
single-phase materials gives a possibility to adjust the thermoelectric properties of
a certain material. In general, the amount of doping elements on crystallographic
sites of the main phase is low if the structure is to be conserved. With increasing
content of doping elements in the sol-gel batches the formation of secondary phases
increases. Hence, heavy doping often leads to formation of composite materials ex-
hibiting intergrown structures, which show compositional thermoelectric solid state
properties. Therefore, the synthesis of composite materials can provide advanta-
geous properties of the received phase composition.
Section 2.2 treats the synthesis, characterisation and theoretical description of ther-
moelectric n-type oxide composite materials. The applied Aluminium-doped Zin-
coxide (Zn0.98Al0.02O) exhibits a great thermopower but a very low charge carrier
concentration. Therefore, a perovskite phase was integrated to provide a higher
electric conductivity in the semiconducting n-type oxide-oxide composite material.
Because the charge carrier concentration of ZnO is hard to increase by doping zincite-
perovskite composite phases were created.
In section 2.3 Ca3Co4O9 was synthesised and modified. In order to increase the
available thermal energy density inside this layered cobaltite compound metallic
Ag-inclusions were integrated and an oxide-metal composite material was received.
The structures of the novel thermoelectric composite phases were investigated using
X-ray and electron diffraction method and elemental mapping with energy-dispersive
X-ray method. In order to increase the electric power output of the p-type com-
posite materials, the electrical and thermal conductivity were increased. The power
factor increased with increasing content of Ag in the composite materials. Applying
those composite phases in thermoelectric generators made it possible to characterize
a series of varied composite materials in an entire thermoelectric conversion system.
The relation of electric power output and conversion efficiency was studied by mea-
surements of the transport properties of the constructed series of generators. The
output power increased with increasing silver-content, passing throu a maximum
value for the sample with 5% silver in the material. Hence, the determining param-
eter for increasing the electric power of a certain thermoelectric generator is not the
figure of merit , but the power factor. Furthermore, the thermal conductivity has to
exhibit a threshold value for a good balance of thermoelectric transport parameters.
24 2 Thermoelectric materials research
2.2 Experimental and Theoretical Thermoelectric
Investigations of n-type Composite Oxide
Materials
Benjamin Geppert and Armin Feldhoff
Submitted to the Journal of Electroceramics (2016)
Experimental and theoretical thermoelectric investiga-
tions of n-type composite oxide materials
Benjamin Geppert and Armin Feldhoff
Thermoelectric composite materials including two different n-type semiconducting oxides were
investigated. Powder products of an orthorhombic La0.6Ca0.4Mn0.95Ni0.05O3−δ perovskite and a
hexagonal Zn0.96Al0.02Cu0.02O zincite were mixed in three volumetric ratios of 60/40, 50/50 and
40/60, respectively. These mixed powders were sintered to ceramic composite materials. The
prepared composite ceramics were investigated microstructurally and thermoelectrically. The
measurement data for the thermoelectric parameters, specific isothermal electrical conductivity
σ and the Seebeck coefficient α, were compared to calculated data, related to the model of
parallel layers in the direction of electric current. From received measurement data for men-
tioned single parameters, the power factors σα2 and the coupling factors σα were estimated.
The theoretical approaches for mixed conducting phases, based on the measurement data for
the sintered single-oxide materials, were applied to discuss the relation of the composite phases’
thermoelectric properties. The theoretical description bases on fluid-like quantities and classical
thermodynamic potentials. From such considerations a thermoelectric material tensor has been
arrived, that was extended to describe thermoelectric composite phases and match the theoretical
approach to the measurement data.
Introduction
Composite materials are compounds including at least two dif-
ferent and separated phases. In general, compounds with very
different physical properties are combined in one mixed mate-
rial to get a compound with improved properties. In the field
of thermoelectricity, composite oxide materials of Ca3Co4O9 −
La0.8Sr0.2CoO3 were investigated1,2. Furthermore, thermoelec-
tric NaTaO3−Fe2O3 and NaTaO3−Ag composite materials were
studied3,4. Doping is a general approach to influence the val-
ues of the specific isothermal electronic conductivity σ , the See-
beck coefficient α and the open-circuit entropy conductivity Λ.
From electronic band considerations it can be seen that the spe-
cific electronic conductivity and the Seebeck coefficient are influ-
enced counter-directly by doping. With increasing charge carrier
concentration, the electronic conductivity increases whereas the
Seebeck coefficient decreases5. Hence, composite phases are an
alternative method to dope single phase materials. Another field
of investigation for composite oxides is the high-temperature oxy-
gen permeation through perovskite compounds. In such studies,
one oxide with high electronic conductivity and an other with
high oxygen-ionic conductivity are combined, to perform an im-
proved mixed conduction6,7.
In the prensent work two n-type oxide powders were mixed to
form composite oxide materials. A ZnO-based phase, that crys-
tallizes in the hexagonal zincite structure (P63mc, no. 186)
was applied to provide a high value for the Seebeck coeffi-
cient. Investigations of the thermoelectric properties of ZnO-
based phases were done in detail8–10. For delivering a higher
electronic conductivity compared with ZnO-based phases, the La-
doped CaMnO3 phase was applied, that crystallizes in the or-
thorhombic perovskite structure (Pnma, no. 62). The thermo-
electric properties of the La-doped CaMnO3 perovskite were also
investigated11. Both compounds exhibit an n-type conduction
mechanism.
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Theory
The physical quantities that are used to describe the thermoelec-
tric coupling of thermoelectric materials are the potentials for
entropy (i.e. absolute temperature T ) and electric charge (i.e.
electric potential φ) and generated flux densities for entropy j⃗S
and charge j⃗q 12,13. For the quantitative description of the ther-
moelectric coupling, the determining thermoelectric proportion-
ality factors have to be known. These quantities are the specific
electronic conductivity σ , the Seebeck coefficient α and the en-
tropy conductivity Λ. The description given by Fuchs treats the
transported quantities as fluid-like pumped through the estab-
lished gradients of the potentials. Such approach avoids using
the elaborative descriptions of the so-called thermodynamics of
irreversible processes in terms of the thermoelectric effect, that
has been worked out in the Onsager-De Groot-Callen model14,15,
based on the reciprocal relations of Onsager16,17.
Equation 1 expresses the basic transport phenomenon when
material i is placed in the thermodynamic potential gradients ∇⃗T
and ∇⃗φ 12,13,18.(
j⃗S,i
j⃗q,i
)
=
(
σiα2i +Λi σiαi
σiαi σi
)
·
(
−∇⃗T
−∇⃗φ
)
(1)
Considering a composite material made of two different ther-
moelectric materials (i= 1,2) with thermal and electrical parallel
connection, like in the case of parallel plates sketched in Figure
1a, the currents of entropy and charge through materials 1 and
2 add to each other, respectively. Hence, the flux densities of en-
tropy j⃗S and charge j⃗q for the composite material are obtained as
follows in Equation 2 with fi (∑ fi = 1) being the specific volumet-
ric fractions of the two different materials.
(
j⃗S,comp
j⃗q,comp
)
= f1
(
j⃗S,1
j⃗q,1
)
+ f2
(
j⃗S,2
j⃗q,2
)
=
(
( f1σ1α21 )+( f2σ2α22 )+( f1Λ1)+( f2Λ2) ( f1σ1α1)+( f2σ2α2)
( f1σ1α1)+( f2σ2α2) ( f1σ1)+( f2σ2)
)
·
(
−∇⃗T
−∇⃗φ
)
(2)
Under isothermal conditions (⃗∇T = 0), Ohm’s law for the com-
posite material is obtained by Equation 3.
j⃗q,comp = f1 · j⃗q,1+ f2 · j⃗q,2 = [ f1σ1+ f2σ2](−∇⃗φ) = σcomp(−∇⃗φ)
(3)
The isothermal specific electronic conductivity of the composite
σcomp can be identified as shown in 4.
σcomp = f1σ1+ f2σ2 = ( fσ)1+( fσ)2 (4)
Under electrically open-circuited condition (i.e. j⃗q,i = 0), Equa-
tion 5 is obtained.
0= [ f1σ1α1+ f2σ2α2](⃗∇T )+ [ f1σ1+ f2σ2](⃗∇φ) (5)
Here, the composite material couples the gradients of the en-
tropy potential T and the electric potential φ according to Equa-
tion 6.
∇⃗φ =− f1σ1α1+ f2σ2α2
f1σ1+ f2σ2
(⃗∇T ) =−αcomp(⃗∇T ) (6)
In analogy to a single-phase material18, the composite Seebeck
coefficient αcomp is easily identified by Equation 7:
αcomp =
f1σ1α1+ f2σ2α2
f1σ1+ f2σ2
=
( fσα)1+( fσα)2
( fσ)1+( fσ)2
(7)
To consider the entire connectivity of the composite model sys-
tem, a factor X is introduced to give the possibility to include the
network properties in the model description. The modification for
the model of ideal parallel conduction channels in terms of mix-
ing materials with very different electric conductivities is shown
in Figure 1. The electric conductivity of material 2 is negligible
small compared to that of material 1. The charge carriers can only
pass the material through the conduction channels. When the
channel is blocked, the respective partial electric current gives no
addition to the entire electric current inside the composite ma-
terial. The amount of uninterrupted conduction channels in a
real macroscopic composite material is lower than 100% (X = 1).
Considering this situation, the correction factor X must exhibit
values in the range 0 < X < 1. The introduced factor X will be
used in later sections.
Fig. 1 Schematic illustration of the model for a binary mixture of 50/50
composition with vertically aligned parallel layers of an electrically con-
ducting (1) and an electrically isolating (2) material parallel to the di-
rection of electric flux (solid arrows: uninterrupted conduction channels;
dashed arrows: interrupted conduction channels). a) All conduction
channels are open: X = 1, b) conduction channels are partly interrupted:
X = 0.75, c) half of the conduction channels are interrupted: X = 0.5
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Experimental
Synthesis and preparation of materials
Powders of n-type zincite (nominal composition
Zn0.96Al0.02Cu0.02O) and perovskite (nominal composition
La0.6Ca0.4Mn0.95Ni0.05O3−δ ) thermoelectric materials were
synthesised by a sol-gel route19. The nitrates of respective metal
cations were stoichiometrically added to an aqueous ammonia
solution of pH = 9 containing citric acid and ethylendiaminte-
traacetic acid (EDTA) for complexing the soluted metal ions. The
obtained precipitates were calcinated at 1223 K for 10 h with
a heating and cooling rate of 3 K ·min−1. After calcination, the
powder products were cold-pressed and sintered at 1573 K for
10 h with a heating and cooling rate of 2 K ·min−1.
For preparation of the composite phases, powder products, that
were obtained by calcination of the perovskite phase and the
zincite phase, were mixed by sonication in ethanol. The two
different structures were mixed in three different volumetric
ratios 60/40, 50/50 and 40/60, respectively.
Microstructure analysis
The materials were analyzed using field-emission scanning elec-
tron microscopy (FE-SEM) using a JEOL JSM-6700F, equipped
with an Oxford Instruments INCA 300 energy-dispersive X-ray
spectrometer (EDXS) for elemental analysis. The phase compo-
sition of calcined powder product and sintered ceramic of both,
single oxide materials and dual-phase oxide materials, were ana-
lyzed by X-ray diffraction (XRD) using a Bruker D8 Advance with
Cu-Kα radiation. The obtained diffraction data were refined by
Rietveld refinement in the TOPAS 4.1 software. The reference
data for the crystal structure analysis were taken from the Pow-
der Diffraction File (PDF2) database.
Thermoelectric analysis
To characterize the thermoelectric properties of the materials,
the temperature-dependent isothermal specific electric conduc-
tivity σ(T ) and the Seebeck coefficient α(T ), as estimated from
the thermovoltage, were measured. Using these data the power
factor σα2 and the coupling parameter σα , describing the en-
tropy conduction coupled to the electric phenomenon, were es-
timated for each compound. A precision vertical diamond wire-
saw, model 3242 from O’WELL, was used for sample preparation.
Thermoelectric properties were measured using a measurement
cell constructed in-house that is a modified version of the ar-
rangement described by Indris et al.20. The sample was clamped
between two platinum electrodes to close the electric circuit in
a pseudo-four-point measurement. The applied furnace was an
ELITE thermal system (300-1473 K). The electronic parameters
were measured with KEITHLEY 2100 6 12 Digit Multimeters. Data
were acquired and converted using the LAB VIEW software.
Results and discussion
Single materials
The perovskite phase (material 1) was analyzed by SEM and
XRD method for structure determination. In Figure 2a-c, scan-
ning electron micrographs and an EDX spectrum of the surface of
La0.6Ca0.4Mn0.95Ni0.05O3−δ are presented.
The surface of La0.6Ca0.4Mn0.95Ni0.05O3−δ sample exhibits grain
sizes in the 1-2 µm range. Compared to the ZnO-based ceramic
the grain sizes in the perovskite sample are ten times smaller.
Furthermore, some Ca-rich phase was formed on the surfaces of
the perovskite compound. In Figure 2b, the CaO formations on
the surface of the La0.6Ca0.4Mn0.95Ni0.05O3−δ perovskite can be
seen. In the diffraction patterns of Figure 2c, the X-ray reflections
caused by the exsoluted CaO on the ceramic surfaces are marked
with asterisks.
Figure 3 shows SEM micrographs, EDXS and XRD results
of the ZnO-based ceramic. The micrograph of the sintered
Zn0.96Al0.02Cu0.02O surface exhibits grain sizes that are in the 5-
20 µm range. The surface of Zn0.96Al0.02Cu0.02O ceramic material
is dense and shows no remaining porosity. On the surface and
inside the bulk phase of Zn0.96Al0.02Cu0.02O, spinel formation is
present to similar amounts. Figure 3c shows the results of the
compositional analysis of Zn0.96Al0.02Cu0.02O material. Because
Al2O3 particles were used for vibration-polishing, the Al signal
cannot be discussed quantitatively. Due to stoichiometric inho-
mogenitiy of the zincite phase the soluted contents of the doping
elements Al and Cu cannot be determined.
Fig. 2 Secondary electron micrographs of La0.6Ca0.4Mn0.95Ni0.05O3−δ
perovskite ceramic. a) surface view, b) magnified surface view (dashed
rectangular in a) with CaO formations (dashed circles), c) EDX spectrum
of the surface, d) XRD pattern of the surface indexed according to or-
thorhombic perovskite structure.
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Fig. 3 Secondary electron micrographs of Zn0.96Al0.02Cu0.02O zincite ce-
ramic: a) surface view, b) vibration-polished bulk. c) EDX spectrum of
surface, d) XRD pattern of surface indexed according to hexagonal zincite
structure. Asterisks mark reflections of cubic ZnAl2O4 spinel inclusions.
Fig. 4 Measured thermoelectric properties of studied oxide systems: a)
isothermal specific electric conductivity, b) Seebeck coefficient, c) cou-
pling factor, d) power factor. Horizontal dashed lines mark break of verti-
cal scale; the legend for all subfigures is displayed in subfigure a.
Anyway, the real composition deviates from the nominal com-
position and is rather Zn1−(x+y)AlxCuyO with ZnAl2O4 inclusions.
The separated phase inside the matrix of the ZnO-based com-
pound is ZnAl2O4 spinel, that was also determined by Schäu-
ble et al.10. The Zn0.96Al0.02Cu0.02O ceramic material exhibits
the hexagonal zincite structure, see Figure 3d. For investigat-
ing the thermoelectric properties of the ZnO zincite and the
La0.6Ca0.4Mn0.95Ni0.05O3−δ perovskite materials the isothermal
specific electric conductivity σi and the Seebeck coefficient αi
were measured. From the estimated values of mentioned quanti-
ties the coupling parameter (σα)i and the power factor (σα2)i
were calculated. Figure 4 shows the assembled measurement
data describing the thermoelectric properties of synthesized ce-
ramic single materials.
The high charge carrier density of the perovskite causes a elec-
tronic conductivity that is more than five times of that of the
zincite phase. Due to the high carrier concentration the value
of the Seebeck coefficient (entropy per unit charge transferred) is
only one-hundredth of the value exhibiting by the zincite phase.
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Composite materials
The ceramic materials, i.e. the zincite and the perovskite mate-
rials were obtained as thermomechanically stable phases. For
preparing composite materials from the synthesized single ma-
terials, the oxide powders of La0.6Ca0.4Mn0.95Ni0.05O3−δ and
Zn0.96Al0.02Cu0.02O were mixed in volumetric ratios of 60/40,
50/50 and 40/60, respectively. The structures of the sintered
composite oxides were analyzed by X-ray diffraction. The diffrac-
tion data were refined with the Rietveld method to calculate the
volumetric ratios of the mixed oxide phases. No third phase as
result of reaction (interdiffusion) in the grain bounderies of the
grains of the two different oxide phases was observed. In Fig-
ure 5, the X-ray diffraction patterns of the mixed oxide compos-
ite materials are presented together with Rietveld fits. The vol-
umetric ratios obtained by the Rietveld refinement are in good
agreement with the batched mixed oxide phases. No reaction be-
tween the different phases was observed. In Table 1, the refined
crystallographic parameters of the composite oxide materials are
summarized. The lattice parameters of the single phases in the
composite materials are as expected and show almost indepen-
dent values from volumetric ratios.
Fig. 5 X-ray diffractogramms of the crushed sintered ceramic composite
materials with blue curves for measured diffractogramms, red curves for
the Rietveld fits and grey differential curves. The intensities are shown
as sqare root-values (
√
I). a) 40/60 composition, b) 50/50 composition,
c) 60/40 composition.
Table 1 Results of the Rietveld refinement refering to measured X-ray
diffraction data and the volumetric ratios of mixed oxide phases with con-
sidered single phases of perovskite (Pnma; ICSD 51161) and zincite
(P63mc; ICSD 26170).
sample phase a / Å b / Å c / Å f / vol.%
40/60 perovskite 5.471 7.700 5.441 40.60
composite zincite 3.256 3.256 5.208 59.40
50/50 perovskite 5.438 7.695 5.439 47.00
composite zincite 3.254 3.254 5.205 53.00
60/40 perovskite 5.444 7.700 5.441 59.27
composite zincite 3.254 3.254 5.203 40.73
The refined volumetric ratios match to the batched ones with
mismatches in the range of 1−3 %. The fits that were received
performing the Rievfeld refinement give results with acceptable
accuracy. The 50/50 composite show the largest mismatch be-
tween batched and refined phase fractions. In Table 2, the fitting
parameters are assembled for the three different composite ox-
ides. For the meaning of the specific residuals21.
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Table 2 Values for specific residuals R as indicators of the goodness of
fit (GOF) of the Rietveld refinements.
sample Rexp Rwp GOF phase RBragg
40/60 3.70 10.64 2.88 perovskite 9.025
composite zincite 7.045
50/50 3.32 11.55 3.48 perovskite 10.026
composite zincite 6.872
60/40 3.64 10.52 2.89 perovskite 8.682
composite zincite 4.516
In Figure 6, the results of SEM with EDXS of the 50/50 com-
posite material are shown exemplarily. In Figure 6a,c the cross-
section of a typical site inside the composite bulk material is pre-
sented.
Fig. 6 Scanning electron microscope analysis of the prepared 50/50
composite material. a) polished ceramic bulk phase, b) surface of ce-
ramic bulk phase, c) pseudocolor-micrograph of polished ceramic bulk
phase, d) EDX spectrum of the composite material with relation between
the specific energy-lines and applied pseudo-colors.
A homogeneous distribution of the two different oxide phases
was observed. The SEM and EDXS results confirm those of the
XRD analysis in a way that no third phase was detected. In Fig-
ure 6b, a typical site of the surface structure of the ceramic com-
posite material exhibits also a homogeneous distribution of the
two different oxide phases. The EDX spectrum in Figure 6d shows
both single oxide phases with percolation network in the compos-
ite material without showing any other phases in between. The
spectrum of the composite materials are received as sum of the
spectra of the single oxide phases that are shown in Figure 3c for
the zincite phase and in Figure 2c for the perovskite phase.
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The thermoelectric properties of the composite materials were
measured as it was done for the single oxide materials. The
isothermal electric conductivities σ , the Seebeck coefficients α ,
the power factors σα2 and the coupling parameters ασ of the
composite materials are assembled in Figure 7.
As it was expected, the composite materials exhibit values of mea-
sured quantities that are in between those of the single oxide ma-
terials. Whereas specific electric conductivities of the composite
materials depend clearly on the batched fractions of single oxide
materials whereas the absolute values of the Seebeck coefficients
weakly depend on the batched fractions. However, there is a de-
pendence of the batched ratios of respective oxide phases to the
value of the Seebeck coefficient. In the range of 900 K, see Fig-
ure 7, the values of α for the different compositions are equal.
Fig. 7 Thermoelectric properties of the composite material with displayed
properties of the composite building single phases: a) specific isother-
mal conductivities, b) Seebeck coefficients, c) coupling parameter σα d)
power factor σα2. Vertical dashed lines mark break of scale; the legend
for all subfigures is displayed in subfigure c.
Below this temperature the Seebeck coefficients are propor-
tional to the fraction of the perovskite phase, whereas the values
of α for temperatures above 900 K are proportional to the zincite
fraction of the composite materials. Above 900 K, the charge car-
riers related to the zincite phase seem to start to determine the
thermoelectric properties of the composite materials, that causes
a rapid rise of the values for α. With decreasing temperature
the values of the Seebeck coefficients of the composite phases
are almost independent of the temperature. In the 500-650 K
range, the coupling parameter σα and the power factor σα2 of
the 60/40 composite exhibit higher values than those of the sin-
gle materials. The dashed rectangulars in Figure 7c,d mark the
mentioned temperature range.
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To calculate the specific electrical conductivities of
the composite materials from the values of the single-
phase La0.6Ca0.4Mn0.95Ni0.05O3−δ perovskite with fractions
f1 = fperovskite and Zn0.96Al0.02Cu0.02O zincite with fractions
f2 = fzincite in the mixed materials, the estimated factor X was
considered. Equation 8 was used to calculate the values for
specific electrical conductivities of the composite phases from
the measurement data for electrical conductivity of the single
perovskite material La0.6Ca0.4Mn0.95Ni0.05O3−δ .
σcomp = [( fσ)1+( fσ)2] ·X (8)
The calculations were executed with the three fractions of the
perovskite phase f1 = fperovskite= 0.6, 0.5, 0.4 and of the zincite
phase f2 = fzincite= 0.4, 0.5, 0.6 for the respective composites
60/40, 50/50 and 40/60. The introduced factor was set to the
value of X = 0.48 to match the calculated data to measured values.
The calculated values of the specific electrical conductivities of
the composites are presented in Figure 8.
Fig. 8 Measured specific electric conductivities of the composite ma-
terials with calculated curves for respective fractional compositions with
X = 1 and X = 0.48 (see Equation 8).
For the 50/50 composition, the match between the measured
data and the calculated data for electrical conductivity give the
best results. For the 60/40 composition the calculated data lie to
low in the 1000-1200 K temperature range. Introducing the mod-
ified expression for calculating the electric conductivity, Equation
9, showing the relation for the composite Seebeck coefficient, is
obtained.
αcomp =
(
( fσα)1+( fσα)2
( fσ)1+( fσ)2
)
· 1
X
(9)
The assembled measurement data for the Seebeck coefficients
of the respective composites and the calculated values that were
determined using Equation 9 with measurement data for the sin-
gle oxide materials are presented in Figure 9.
The calculated curves were matched to the measured curves
with the factor X = 0.48 that was estimated from the matching of
Fig. 9 Measured Seebeck coefficients of the respective composite ma-
terials with calculated curves (according to Equation 9).
measured and calculated values for the specific electric conductiv-
ity. In the temperature range above 900 K the calculated values
of the Seebeck coefficients are in the range that is exhibited by
the measurement data. With decreasing temperature, starting at
900 K, the fits get worse due to the rapid drop down of calculated
values. For the 60/40 composite the calculated values are to low
while the calculated values for the 40/60 composition are to high
and nearly reach those of the 50/50 composition.
Equation 10 shows that only the coupling factor for the com-
posites (σα)comp can be expressed by the single parameters of
electric conductivity and Seebeck coefficient with respect to the
fractions of the composite building materials without considering
the network properties of the composite material.
(σα)comp = ( fσα)1+( fσα)2 (10)
Figure 10 shows the calculation results, according to Equa-
tion 10, compared to the measurement values for the coupling
parameter (σα)comp of respective compositions. Here, the results
for the 50/50 composition give the best match of measured and
calculated values.
Assuming that the thermoelectric parameters for the composite
materials can be expressed by the parameters of the single materi-
als as it is derived in Equation 10, the transport equation describ-
ing the entire thermoelectric coupling phenomenum for the com-
posites, the material tensor can be rewritten by using Equation 2.
The modified transport equation for describing the thermoelec-
tric properties of the oxide composite materials, considering the
percolation network using the factor X , is shown in Equation 11.
(
j⃗S,comp
j⃗q,comp
)
=
(
( fσα2)1+( fσα2)2+( fΛ)1+( fΛ)2 ( fσα)1+( fσα)2
( fσα)1+( fσα)2 [( fσ)1+( fσ)2] ·X
)
·
(
−∇⃗T
−∇⃗φ
)
(11)
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Fig. 10Measured coupling factors of the composite materials with calcu-
lated curves for respective fractional compositions of the oxide materials
(see Equation 10).
Compared to the idealized composite (i.e. parallel plates) de-
scribed by Equation 2, the modified material tensor in Equa-
tion 11 considers the properties of the composite network. For
the 50/50 composition the calculations are in good agreement
with the measurement data. With increasing deviation from the
50/50 ratio in both directions the calculation results get worse.
Conclusions
Composite oxide materials, made from the
La0.6Ca0.4Mn0.95Ni0.05O3−δ perovskite phase and the
Zn0.96Al0.02Cu0.02O zincite phase, were successfully syn-
thesised in volumetric ratios of 60/40, 50/50 and 40/60,
respectively. Sintered oxide bulk composites were obtained as
thermally and mechanically stable materials. The values for
electric conductivity σcomp of the composite materials are in
between of those measured for the single oxide materials. For
lower temperatures the values of σcomp are closer to those of
the La0.6Ca0.4Mn0.95Ni0.05O3−δ perovskite. The values for the
Seebeck coefficient αcomp of the composites are closer to that one
measured for the La0.6Ca0.4Mn0.95Ni0.05O3−δ perovskite related
to the entire temperature range. The batched fractions of mixed
perovskite and zincite phases were confirmed by the Rietveld
refinement of measured X-ray diffraction patterns.
The measured data for the Seebeck coefficients of the compos-
ites were compared to calculated data received from the theo-
retical approach related to the thermoelectric properties of dif-
ferent materials with specific properties of charge carriers (see
Equations 7 and 9). A model for parallel plates of the two ma-
terials in direction of electric current was applied. Besides the
thermoelectric parameters σi, αi and the fractions fi of the single
oxide materials a percolation factor X was introduced to enable
describing the percolation network. The calculated values of the
composite Seebeck coefficient αcomp for the non-modified expres-
sion (X = 1) are approximately half of the measured values. The
absolute values of the curve was fitted to the measured data with
a factor X = 0.48, that occur in the formula for the composite
Seebeck coefficient αcomp in a reciprocal way. The introduced
factor X gives a correlation for the Seebeck coefficient and the
electrical conductivity, and it is, in our opinion, useful to describe
the network properties inside composite oxide materials in a sim-
ple way. For ideal percolation of each of the different materials,
the mixed conducting material is obtained as homogeneous sin-
gle phase and the factor X equals unity (X = 1). In real compos-
ite systems, where inhomogeneities will cause partly interrupted
electric conductivity paths, a decreases percolation factor X re-
sults, which is then smaller than unity (i.e. X < 1). It turned out,
that the coupling factor σα can be expressed without considering
the percolation network. For the 50/50 composite, the caculation
results give the best matches of measured and calculated data.
Besides doping of extrinsic elements on specific sites of a certain
single material, the production of composite materials can also be
used to adjust the charge carrier concentration of thermoelectric
material systems. So, there is an additional opportunity to mod-
ify thermoelectric material systems. Therefore, cheap materials
like ZnO can be mixed up with phases including more expensive
elements in order to reduce the costs of the entire thermoelectric
material.
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The thermoelectric performance of flexible thermoelectric generator stripes
was investigated in terms of different material combinations. The thermo-
electric generators were constructed using Cu-Ni-Mn alloy as n-type legs
while varying the p-type leg material by including a metallic silver phase and
an oxidic copper phase. For the synthesis of Ca3Co4O9/CuO/Ag ceramic-based
composite materials, silver and the copper were added to the sol–gel batches in
the form of nitrates. For both additional elements, the isothermal specific
electronic conductivity increases with increasing amounts of Ag and CuO in
the samples. The amounts for Ag and Cu were 0 mol.%, 2 mol.%, 5 mol.%,
10 mol.%, and 20 mol.%. The phases were confirmed by x-ray diffraction.
Furthermore, secondary electron microscopy including energy dispersive x-
ray spectroscopy were processed in the scanning electron microscope and the
transmission electron microscope. For each p-type material, the data for the
thermoelectric parameters, isothermal specific electronic conductivity r and
the Seebeck coefficient a, were determined. The p-type material with a content
of 5 mol.% Ag and Cu exhibited a local maximum of the power factor and led to
the generator with the highest electric power output Pel.
Key words: Flexible thermoelectric generators, composite materials, energy
conversion, electric power output, conversion efficiency
INTRODUCTION
The possibility of local and individual applications
and portability of energy conversion systems are
receiving increasing interest. Here, the thermoelectric
effect can be used to develop small and handy devices
for the conversion of waste heat into useful electricity.
The crucial quantities in determining the thermoelec-
tric properties of a material are the isothermal
(DT ¼ 0) specific electric conductivity r, the Seebeck
coefficient a (from the thermovoltage) and the specific
entropy conductivity K in electric open-circuit condi-
tions (Iel ¼ 0).1–3 The coupled potential drops for
entropyDT and chargeDu ¼ U, namely the generated
voltage, and the related generated entropy current IS
and charge current Iel , can be quantitatively described
in terms of thermoelectric quantities, considering a
thermoelectric material tensor that includes all the
measurable thermoelectric properties that determine
the thermoelectric performance of a particular mate-
rial. The transport equation describing the entire
thermoelectric effect is shown in Eq. 14,5:
IS
Iel
 
¼ Aleg
Lleg
 ra
2 þ K ra
ra r
 !
 DT
Du
 
ð1Þ
Aleg is the cross-sectional area and Lleg the length of
bar-shaped material legs. The heat conductivity in
open-circuit conditions k is related to the entropy
conductivity K via the absolute working tempera-
ture, T, as shown in Eq. 2.6
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k ¼ T  K ð2Þ
In addition to trying to apply certain materials to
certain temperature conditions, the geometric prop-
erties of a complete thermoelectric generator (TEG)
must be considered. The construction of a TEG
requires an electric series connection of a hole
conductor (a> 0, p-type), where the motions of
thermal and electric currents are directed in the
same direction and an electron conductor (a<0, n-
type), where the thermal and electric currents are
directed in the opposite directions.3 The material
legs assembled in electric series are commonly
connected using metallic (e.g. copper) connectors.
If the device is placed in a drop of thermal potential
DT, a difference in the electric potential Du ¼ U
builds up, and, according to Eq. 1, coupled currents
IS and Iel are generated. The direct conversion of
thermal energy to electric energy is unique for
thermoelectric systems. Hence, a TEG is a device
that transfers energy from an entropy current
directly to an electric current.1–3 These properties
make a thermoelectric generator useful for recover-
ing waste heat in different processes.
At the power-maximum of the characteristic
parabolic power-plots, the internal resistance of
the generator Rel;TEG is equal to the external load-
resistance Rload. The entire resistance Rel;TEG
results in the addition of the resistances of each
integrated thermoelectric leg (neglecting the elec-
tric resistances of the metallic connectors). The
maximum electric power output is then received by
Eq. 3.
Pel;max ¼
U2OC
4  Rel;TEG ¼
ðRapleg  RanlegÞ2
4  ðRRpleg þ RRnlegÞDT
2
ð3Þ
Hence, a maximization of the material specific
electric conductivity r leads to a minimization of
the entire electric resistance of the regarded gener-
ator Rel;TEG. The flexible stripe-TEGs were fabri-
cated as already reported by us.7
The figure of merit ZTTE for thermoelectric mate-
rials gives a relationship with the conversion effi-
ciency and can be expressed by the parameters
thermovoltage (electric open-circuit) UOC, the short-
circuit electric current Iel;SC and the entire electric
resistivity Rel that is related to the geometry of the
regarded sample, according to the following
descriptions.8
ZT ¼ UOC
Iel;SC  Rel  1 ¼
r  a2
k
 T ¼ r  a
2
K
ð4Þ
The first term can directly be used to estimate the
figure-of-merit for an entire generator ZTTEG. The
figure-of-merit is related to the conversion efficency
gel which increases with the increasing power factor
ra2 and decreases with increasing heat conductivity
k. The conversion efficency g is an important
parameter if the thermoelectric generator is applied
in a thermal potential gradient exhibiting a finite
heat-source working at low thermal currents.
In order to maximize the electric output power Pel
of a certain TEG, it is disadvantageous to decrease
the thermal conductivity of the integrated thermo-
electric materials. Narducci published a remarkable
work that gives an insight into thermoelectric power
generation using infinite heat-sources with high
thermal energy input. He postulates that the mate-
rials then need to reach a threshold value for the
thermal conductivity (not a minimized value for the
thermal conductivity) to receive the maximum
electric power output.9
Pel ¼ gel  Pth ¼ gel 
Aleg
Lleg
 k  DT ð5Þ
Hence, for infinite heat-sources, the thermal
conductivity k must not have to exhibit too low
values to harvest the maximum electric power
output. The amount of generated electric power is
limited by the thermal power Pth fed into the TEG at
the hot side. Regarding lower thermal resistances of
the thermoelectric materials in the generator leads
to an increase of the electric power output at
suboptimal conversion efficiency. The efficiency at
electric maximum power (Rel;TEG ¼ Rload) gel is
obtained as shown in Eq. 6.
gel ¼
1
2
 Th  Tc
Th
 1 þ 2
Z  Th 
DT
4  Th
 1
ð6Þ
The term in front of the bracket is the Carnot
efficiency gc ¼ ThTcTh .
Due to explained relationship, the ceramic
Ca3Co4O9 (CCO) phase was modified in order to
increase the power factor of the obtained composite
materials and include metallic Ag aggregations to
provide the possibility to generate a larger amount
of thermal current density inside the composite
materials compared to the single Ca3Co4O9 phase.
Since Ca-Co-O cobaltite ceramic systems aroused
interest because of their good termoelectric perfor-
mance, there have been many studies on modifying
the layered oxide materials. Single crystals of
Ca3Co4O9 exhibit a figure-of-merit ZT ¼ 0:83 at
973 K.10 Polycrystalline ceramic samples show sig-
nificantly lower values. Compared to other thermo-
electric oxide materials, the CCO-based materials
exhibit high charge carrier concentrations in the
temperature range close to room temperature,
which make these materials applicable not only at
high temperatures. Measured thermoelectric
parameters for polycrystalline Ca3Co4O9 ceramics
from various laboratories have been assembled.11
The Ca3Co4O9-based ceramics belong to the family
of misfit cobalt oxides consisting of stacked CdI2-
type CoO2 layers and NaCl-type Ca2CoO3 units
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along the c-axis. A detailed structure refinement of
the Ca3Co4O9 phase was performed.
12 The incom-
mensurate structure can be written as
½Ca2CoO3ðb1;b2ÞCoO2d concerning different b-values
for each subsystem. The addition of Ag and Cu has
been reported to increase the isothermal specific
electronic conductivity r. Those studies were mainly
performed using the solid-state synthesis route. Ag-
modified Ca3Co4O9-based materials have already
been applied in a rigid high-temperature TEG.13 In
the present work, the ceramic materials were
synthesised by the sol–gel method which is
described in the ‘‘Experimental’’ section. The pre-
pared samples showed a clear trend related to the
presence of Ag- and Cu-distribution in the samples.
Using the sol–gel route, the batched Ag+-ions get
reduced in the aqueous sol. Hence, in the presented
samples, the Ag is present in the form of large
metallic agglomerates that are inhomogenously
scattered in the oxide matrix. Such metallic Ag
inclusions have also been investigated in order to
dope CCO.14 While the added Ag makes the ceramic
materials ceramic–metallic CCO–Ag composite
phases, the added Cu forms Cu-oxide phases that
are present in the CCO-matrix as homogenously
distributed microscale inclusions. Hence, the addi-
tion of Ag and Cu in the sol–gel route makes the
samples oxide–metal, namely Ca3Co4O9/CuO/Ag,
composite phases.
EXPERIMENTAL
Material Synthesis and Preparation of Gen-
erators
The p-type thermoelectric oxide Ca3Co4O9 was
synthesized using the sol–gel method.6 Nitrates of
calcium, cobalt, silver and copper cations were
stoichiometrically added to an aqueous ammonia
solution of pH = 9 containing citric acid and EDTA
for complexing the solvated metal ions. The
amounts xAg ¼ xCu ¼ x were 0, 0.02, 0.05, 0.1 and
0.2 (0 mol.%, 2 mol.%, 5 mol.%, 10 mol.%, and
20 mol.%). The obtained precipitates were calcined
at 1173 K for 5 h with a heating and cooling rate of
3K min1. The calcined powder product was cold-
pressed and sintered at 1173 K for 20 h at a heating
and cooling rate of 2K min1. Bar-shaped legs with
length, width and thickness of 8 mm, 1.5 mm, and
1 mm, respectively, were cut from the obtained
Ca3Co4O9-based ceramic discs.
The Cu-Ni alloy was in the form of a commercially
available wire with a diameter of 1 mm. To connect
the thermoelectric materials, adhesive Cu-tape was
attached on a mineral-fiber band. The used pieces of
copper tape have a width of 6.3 mm and a thickness
of 50 lm. The mineral-fiber band is 14.5 mm wide
and 150 lm thick. Silver paste was used to precon-
nect the thermoelectric materials with the Cu
connectors. To receive a mechanically stable connec-
tion, the legs were fixed to the Cu connectors using
Ag-epoxy resin. The Ag-resin was cured at 400 K for
1 h. Using the silver paste without fixing afterwards
leads to the delamination of the silver layer from the
Cu surface during heating due to the thermome-
chanical stresses inside the assembled layer struc-
ture. In the final devices, the thermoelectric legs
have a median distance of 2.5 mm. The manufac-
turer’s physical data for applied commercial mate-
rials are listed in Table I. The parameters for the Cu
tape were taken from the data sheet prepared by
Deutsches Kupfer-Institut e.V. (DKI).15
Microstructure Analysis
The materials were analyzed using field-emission
scanning electron microscopy (FE-SEM) using a
JEOL JSM-6700F, equipped with an Oxford Instru-
ments INCA 300 energy-dispersive x-ray spectrom-
eter (EDXS) for elemental analysis. Furthermore,
transmission electron microscopy (TEM) was used
to investigate the microstructure of composite mate-
rials on the micro- to nano-scale. The phase
compositions of the sintered ceramic materials were
analyzed by x-ray diffraction (XRD) using a Bruker
D8 Advance with Cu-Ka radiation. The obtained
diffraction data were analysed by the Rietveld
method using the TOPAS 4.1 software. The refer-
ence data for the crystal structure analysis were
taken from the Powder Diffraction File (PDF2)
database.
Thermoelectric Measurements of Single
Materials
To characterize the thermoelectric properties
of the materials, the temperature-dependent
Table I. Physical manufacturers’ data of applied commercial materials with thermoelectric parameters for
293 K
Material r/Scm1 k/Wm1K1 K/Wm1K2 a/lVK1 Tdegradation/K
Mineral fiber 1014 . . . 1015 1.0 3.4 9 103 n.a 890 (Tstrain)
Cu tape 5.88 9 105 394 1.3 n.a 1356 (Tmelt)
Cu-Ni alloy 2.04 9 104 23 7.8 9 102 40 1553 (Tmelt)
Ag-epoxy resin 1.11 9 103 1.0 3.4 9 103 n.a 623 (Tstrain)
n.a. Not available.
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isothermal specific electric conductivity and the
Seebeck coefficient, as estimated from the thermo-
voltage, were measured. Using these data, the
power factor ra2 and the coupling factor ra, which
are a part of the thermoelectric material tensor in
Eq. 1, were estimated for each compound. A preci-
sion vertical diamond wire-saw model 3242 from
O’WELL was used for sample preparation. The
isothermal specific electric conductivities were mea-
sured using a measurement cell constructed in-
house which is a modified version of the arrange-
ment described by Indris.16 The sample is clamped
between two platinum electrodes to close the elec-
tric circuit in a pseudo-four-point measurement.
The Seebeck coefficient was measured using a
NORECS probostat measurement system. The
applied furnace was an ELITE thermal system.
The electronic parameters were measured with
KEITHLEY 2100 612 Digit Multimeters. The mea-
sured data were aquired and converted using LAB
VIEW software.
Thermoelectric Measurements of Flexible
Stripe-TEGs
The fabricated stripe-TEGs were placed on a
heater to estimate their thermoelectric characteris-
tics. The heat sink was established naturally, using
the temperature drop, which was generated by
contacting a passive cooling system to the cold sides
of the devices. The passive-cooler was exchanged at
each temperature step and the temperature profile
was equilibrated. Hence, the temperature of the cold
junction of the device increased with increasing
temperature of the hot side (heater side). The used
heat-source was a STUART CB160 hot-plate. The
flexible stripe-TEGs were placed on the heater in a
bent (coiled) form. The thermovoltage U ¼ Du and
the electric current Iel were measured for different
values of the external load. A sketch of the mea-
surement setup including a legend of applied mate-
rials is presented in Fig. 1.
RESULTS AND DISCUSSION
The thermoelectric measurement data for the
Seebeck coefficient a, the electric isothermal specific
conductivity r and the combined parameters ra and
ra2 are presented in Fig. 2.
In Fig. 2a, the thermoelectric properties are
assembled in a way of a Jonker analysis.17,18 From
the theoretical point of view, the correlation of the
Seebeck coefficient a and the logarithmic isothermal
specific electric conductivity lnðrÞ show a linear
dependence. Non-degenerated p-type material sys-
tems, which belong to the same basic phase, are
positioned on a line exhibiting the slope of
 kBe ¼ 86:15lV K1. Degenerated systems deviate
from this line showing higher values for the specific
electric conductivity r. For larger amounts of Ag in
the composite materials, such a degenerated behav-
ior is expected. But the ceramic sample with
x ¼ 0:05 showed the highest Seebeck coefficient
which makes the material with 5 mol.% Ag and
Cu the one providing a local maximum value for the
power factor ra2 in the range of 0–10 mol.% (Fig. 2-
c). In Fig. 2b, the dependence of the Ag and Cu
amount and lnðrÞ is presented. The data show a
linear dependance. In Fig. 2d, the coupling factor
ar, which is part of the thermoelectric material
tensor in Eq. 1, is plotted versus the Ag and Cu
amount. The thermoelectric parameters of
Fig. 1. The measurement setup showing the assembled materials in the stripe-TEG.
Geppert, Brittner, Helmich, Bittner, and Feldhoff
2.3 Enhanced Flexible Thermoelectric Generators based on
Oxide-Metal Composite Materials
39
synthesised materials generally show expected
behavior in terms of the Jonker analysis. For
Fig. 2a, the relationship of the Seebeck coefficient
a and the specific electric conductivity r is:
a ¼  kB
e
ðln r ln r0Þ ð7Þ
For the coupling factor ar (Fig. 2d), the theoretical
assumption gives:
ra ¼  krmB
e
ðln r ln r0Þr ð8Þ
And for the power factor ra2 (Fig. 2c) it is:
ra2 ¼ kB
e
 2
ðlnr ln r0Þ2r ð9Þ
r0 is the intercept of the line.
To clarify the structure–property relationships,
the synthesised composite materials were analysed
by electron microscopy methods. Furthermore, the
phases of the Ca3Co4O9-matrix and the oxidic CuO
and the metallic Ag inclusions were confirmed by
XRD diffraction measurments and by electron
diffraction in the framework of the TEM analysis.
The Ag crystallizes in the cubic crystal system.
The stoichiometry of the Ca3Co4O9 phase is only
thermodynamically stable in a small window of Co
content in the oxide structure. There have been
studies on the phase composition in dependence of
the Co content, resulting in a phase diagram for the
Ca-Co-O systems.19 To get a closer view into the
synthesized CCO-based phases, electron micro-
scopic studies were carried out using cross-section
polished samples from the ceramic-based composite
materials. In Fig. 3, the distributions of samples
containing elements are presented in the form of
pseudo-color energy-dispersive elemental mapping.
Figure 3f shows the EDX spectrum related to the
Fig. 2. Thermoelectric properties of synthesized Ca3Co4O9-based materials with plotted linear guidelines (dashed lines); (a) Jonker plot (lnðrÞ
versus Seebeck coefficient a) with line of slope  kBe ¼ 86:15lV K1 as guide to the eye, (b) isothermal specific electronic conductivity r
(logarithmic scale) and lnðrÞ versus amount of Ag and Cu, (c) power factor ra2 versus amount of Ag and Cu, (d) coupling factor ra versus amount
of Ag and Cu.
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homogeneous areas shown in Fig. 3a–d. To show the
metallic Ag agglomerates, a lower magnification of
the sample with 10 mol.% of Ag and Cu is presented
in Fig. 3e. While the Cu-rich oxide inclusions
exhibit grain sizes in the range of 1–10 lm , the
metallic Ag regions are approximately 10–20 times
larger.
The composite samples with 5 mol.% and
20 mol.% Ag and Cu content were analyzed by
TEM. The CuO phase was found as sub-micro
inclusions. Ag was not found on the sub-micrometer
scale. The silver agglomerates exhibited formations
in the micrometer range (see Fig. 3e). Figure 4
shows sub-micrometer CuO inclusions embedded
in the CCO-matrix.
Figure 4e presents the EEL spectra processed for
the Ca3Co4O9 phase (green-colored) and the CuO
inclusions (blue-colored). The phases were found as
separated systems with less interpenetrated cation
exchange. The EEL spectra show a small content of
Co inside the CuO phase. Hence, the phases forming
the composite material are Ca3Co4O9 as matrix
Fig. 3. EDXS-based pseudocolor mapping of vibration-polished cross-section of prepared Ca3Co4O9-based ceramic materials. (a) Homoge-
neous region of the sample with x ¼ 0:02, (b) homogeneous region of the sample with x ¼ 0:05, (c) homogeneous region of the sample with
x ¼ 0:1, (d) homogeneous region of the sample with x ¼ 0:2, (e) inhomogeneuosly distributed metallic Ag-agglomerates in the material with
x ¼ 0:1, (f) EDX spectra of homogeneous regions related to the areas shown in (a–d) with integrated energy-pseudocolor scale.
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material with micrometer Ag agglomerates and
CuO as inclusions on the submicrometer to the
micrometer scale. No other phases were formed in
the synthesis of the composite materials. The
smaller CuO formations are supposed to conserve
the Seebeck coefficient a of the composite materials
by influencing the electron-scattering in the entire
phase. Therefore, the sample with 20 mol.% Ag and
Cu exhibits a conserved value of the Seebeck
coefficient a compared to the high electrical conduc-
tivity. The values of the 20 mol.% deviate from the
Jonker-line to higher values of the electrical con-
ductivity. Such an arrangement of phases in the
composite material leads to an increased value of
the power factor. The Ag phase is present in larger
metallic agglomerates which provide pathways in
the composite bulk material which decrease the
resistances for charge and entropy. The Ag forma-
tions are not percolated. For an entire Ag percola-
tion in the Ca3Co4O9 matrix, the composite
materials are supposed to exhibit a low metal-like
value for the Seebeck coefficient a.
The Ca3Co4O9-based materials were prepared
and integrated in flexible TEGs. As described in
the ‘‘Experimental’’ section, each TEG was con-
structed in the same way but the p-type CCO-based
material was varied. Figure 5a and b show pho-
tomicrographs of constructed TEGs displaying the
used materials. In Fig. 5c, photomicrographs of cut
composite materials are presented. In Fig. 5d, a top
view of the bent device is shown and the curvature
was graphically estimated. Figure 5e shows the
measurement setup for determining the TEG’s
electric power output characteristics. The measure-
ments were performed applying a passive cooling
system. The devices were measured in a bent
(coiled) form. The physical parameters of the mate-
rials used are listed in Table I.
The thermoelectric power-characteristics for each
TEG related to the hot-side temperature are pre-
sented in Fig. 6. The performance-determining
parameters are open-circuit voltage UOC, the
short-circuit electric current ISC and the entire
resistivity Rel;TEG which were determined by apply-
ing Ohm’s law. The parameters are assembled in
Table II.
The measurement data referring to the TEG’s
parameters reflect the data that were received for
the CCO-based p-type materials. The maximum
electric power output was obtained for the TEG
constructed using the material with x ¼ 0:05, reach-
ing a slight maximum compared to the other TEGs.
With increasing Ag amount of the p-type material,
the generator’s short-circuit electric current
increases due to the decreasing electric resistivity;
therefore, the thermal conductivity is expected to
increase. The open-circuit voltage decreases with
increasing amounts of Ag und Cu as expected from
the measurements of the Seebeck coefficient. But
the TEG, containing the material with x ¼ 0:05, also
exhibits the highest open-circuit voltage, which is
expected due to the measured values of the Seebeck
coefficient. To calculate the figure-of-merit ZTTEG
for the investigated stripe-TEGs, the characteristic
parameters, which are presented in Table II, were
used. The relationship for these data, expressing
ZT, is displayed in Eq. 4. From the calculated
values for the figure-of-merit, the conversion effi-
ciency was estimated using Eq. 6. The efficiency
Fig. 4. Results of TEM investigations. (a, b) 5 mol.% Ag and Cu,
(c,d) 20 mol.% Ag and Cu, (a, c) dark-field micrographs with bright
CuO inclusions in the darker Ca3Co4O9 matrix, (b, d) pseudocolor
mapping related to the energy-pseudocolor scale presented in
Fig. 3f, (e) EEL spectrum of Ca3Co4O9 matrix (upper green curve)
and CuO inclusions (bottom blue curve). Scale bars of (a and c) also
apply to (b and d), respectively (Color figure online).
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varies anti-proportionally to the maximum electric
power output of the characterised TEGs with
respect to the Ag content of the materials. The
relationships of ZTTEG, gel and Pel are illustrated in
Eqs. 4, 5, and 6. The efficiency gel and ZT are
counter-related in the framework of the thermal
conductivity k of the system. In Fig. 6a, the
predicted shape of the decay-fit is shown which
illustrates the decrease of the conversion efficiency
gel (dashed curves) while the maximum electric
power output increases, as is illustrated by the
asymptotic fits (dashed curves).9 The generator
containing the pure CCO material exhibits the best
efficiency but is limited in terms of electric output-
Fig. 5. Photomicrographs of constructed TEGs: (a) stripe TEG showing used materials, (b) magnified photograph of TEG showing detailed
impression of integrated legs, (c) photograph of cross-sections of the synthesised CCO-based materials showing the macroscopic metallic Ag
inclusions, (d) top view on bent stripe-TEG showing the maximum curvature of the devices, (e) measurement setup for determination of TEG’s
power-characteristics related to Fig. 1.
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Fig. 6. Power characteristics of constructed TEGs. (a) Conversion efficiency g for the constructed TEGs calculated from electric parameters
using Eq. 6, (b) maximum electric output-power of stripe-TEGs related to different amounts of Ag and Cu in the Ca3Co4O9-based p-type legs, (c)
parabolic power-characteristics for each constructed stripe-TEG for the three applied hot-plate temperatures.
Table II. Determined thermoelectric parameters of the flexible TEGs for different temperature conditions
composition Thot=K DT=K Rel;TEG/X Pel;max=lW UOC=mV Iel;SC=mA ZTTEG  103
CCO 473 30.3 110.35 10.33 67.7 0.61 5.74
x = 0 423 22.4 77.58 8.28 50.7 0.65 5.41
373 13.2 82.37 2.70 29.8 0.36 4.95
x = 0.02 473 27.6 21.66 41.27 59.8 2.76 0.31
423 20.1 23.42 20.48 43.8 1.87 0.11
373 12.2 15.72 10.83 26.1 1.66 0.18
x = 0.05 473 30.8 19.75 59.88 68.9 3.48 2.47
423 20.1 13.40 41.79 47.4 3.58 2.07
373 12.4 12.78 15.23 27.9 2.18 1.42
x = 0.1 473 30.6 12.27 55.52 52.2 4.25 1.01
423 21.8 11.37 31.56 37.9 3.33 1.00
373 13.3 10.65 11.96 22.6 2.12 0.97
x = 0.2 473 23.7 6.18 55.38 37.0 5.98 1.18
423 17.4 6.88 26.88 27.2 3.95 0.88
373 10.9 6.04 11.25 16.5 2.73 0.65
Enhanced Flexible Thermoelectric Generators Based on Oxide–Metal Composite Materials
44 2 Thermoelectric materials research
power due to its high internal electric and thermal
resistivity.
CONCLUSIONS
In the presented study Ca3Co4O9-based composite
materials were synthesized. In the batches of the
sol–gel route, Ag and Cu were added to the synthe-
sis solutions with amounts of 0 mol.%, 2 mol.%,
5 mol.%, 10 mol.%, and 20 mol.%. The sintered
samples were obtained as composite materials con-
taining the Ca3Co4O9 phase, and with increasing
amounts of silver the fraction of inhomogeneously
distributed metallic Ag agglomerates also increases.
With increasing the Cu content in the batches, an
increasing amount of CuO phase was formed during
the synthesis. The thermoelectric analysis results in
a local maximum of the power factor ra2 for the
material with 5 mol.% Ag and Cu. In the Jonker
analysis, the samples with 5 mol.% and 20 mol.%
deviate from the Jonker-line. The material with
x ¼ 0:05 showed a higher value for the Seebeck
coefficient a and the material with x ¼ 0:2 exhibits a
higher value for the electric conductivity r as
expected by the Jonker analysis.
The investigations of the constructed stripe-TEGs
resulted in measurement data that can be under-
stood in light of Narducci’s approach.9 For the TEG
containing the material with x ¼ 0:05 Ag and Cu, a
slight maximum for the electric output power for
each hot-side temperature was obtained. The opti-
mum parameter balance for the investigated system
is reached in the range of x ¼ 0:05. With increasing
content of metallic Ag, the thermal resistivity
drastically decreases. For amounts of Ag larger
than x ¼ 0:05, the electric power output reaches a
plateau-region, which is predicted by Narducci for
systems exhibing power factors of the same order of
magnitude. The conversion efficiency gel decreases
with increasing Ag content due to the increasing
thermal conductivity. For the generator containing
the pure Ca3Co4O9 phase, the conversion efficiency
gel starts with maximum values and decreases with
increasing amounts of Ag in the samples. The
summarized results confirm the results executed
by Narducci that ZT is not the determining quantity
for the maximization of electric output power of a
certain TEG system. For Ca3Co4O9-based materials
in TEGs, considering an infinite heat source, the
limiting parameters are the power factor and the
thermal conductivity of the material. Therefore, the
TEG including the p-type material with x ¼ 0:05
showed the largest electric power output which was
more than 5 times larger than that of the TEG
including the pure Ca3Co4O9 p-type material.
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3 Thermoelectric generators
research
3.1 Summary
The construction of thermoelectric generators requires the electrical series connec-
tion of materials with n-type and p-type conduction mechanism. This essential
assembly was realized by the commonly used rigid chess-board geometry and by
flexible (i.e. coilable) stripe thermoelectric generators.
In section 3.2 an oxide-based thermolectric generator with In1.95Sn0.05O3 as n-type
material is presented. The rigid design, contructed with Zn0.98Al0.02O as n-type legs
and Ca3Co4O9 (CCO) as p-type legs, is applicable in the high-temperature range
only (T>1000 K). The isolating character of the ZnO-phase at lower temperatures
averts the application in the intermediate-temperature range, in the way, that an
increased electrical conductivity of the n-type material is needed.
In section 3.3 a prototype system of a flexible device is presented . For usage at lower
temperatures, Cu-Ni-Mn alloy was integrated as n-type material. The Ca3Co4O9
phase exhibits a high charge carrier concentartion compared to other oxides, and
therefore, this material is applicable in the low- and intermediate-temperature range.
Such a material combination was used to fabricate the flexible stripe-TEGs. These
stripe-TEGs can be fabricated as open system. The thermoelectric bulk material
legs can be assembled easily.
A finite-element simulation tool was used to model thermoelectric devices with all
assembled materials of the entire system. In section 3.4 a script-based tool was
developped and validated using a commercial device. Deep insights into the local
variations of the relevant thermoelectric parameters were obtained from this type
of modeling. Overall, the developed model system can predict the thermoelectric
properties of a certain TEG if the proper parameters for feeding the simulation tool
are selected. Work on thermoelectric materials and systems benefits from the use of
finite-element simulations to check the properties before constructing a device.
In section 3.5 the finite-element simulation tool was modified and applicated to a
home-made generator. The properties of the regarded systems can be varied easily,
thus making finite-element simulation tools a very flexible possibility for predicting
the power characteristics of a thermoelectric device in terms of the requirements for
its application. The contact resistances were determined and integrated into the
simulation. This procedure made the simulation result in the accurate values of the
electric current density inside each material of the prototype generator.
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High-Temperature Application Using p-Type
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Abstract: A thermoelectric generator couples an entropy
current with an electrical current in a way, that thermal
energy is transformed to electrical energy. Hereby the
thermoelectric energy conversion can be described in
terms of fluxes of entropy and electric charge at locally
different temperature and electric potential. Crucial for
the function of a thermoelectric generator is the sign and
strength of the coupling between the entropy current
and the electrical current in the thermoelectric materials.
For high-temperature application, tin-doped indium
oxide (In1.95Sn0.05O3) and misfit-layered calcium cobalt
oxide (Ca3Co4O9) ceramics were used as n- and p-type
legs. The n-type material reaches a power factor of
6.8 μW  cm− 1  K− 2 at 1,073 K and a figure of merit ZT of
0.07. The p-type material reaches 1.23 μW  cm − 1  K− 2
and a figure of merit ZT of 0.21 at 1,073 K. A thermo-
electric generator consisting of ten legs was characterized
for different invested temperatures. It delivers 4.8 mW
maximum power output and a electrical power density
of 2.13mW× cm − 2 when the hot side is at 1,073 K and a
temperature difference of 113 K is applied.
Keywords: Thermoelectric power generation, Module,
Oxide materials, Ca3Co4O9, In2-xSnxO3
Introduction
Thermoelectric (TE) materials got lately more and more
attention due to climate change and thereby their ability
to utilize waste heat from power plants and combustion
engines. A thermoelectric generator, which is made of
those materials can convert thermal energy into electrical
energy. Research in the field of thermoelectric materials
focuses on improving the figure of merit ZT, which was
originally derived by Ioffe (1957) and is shown in eq. [1].
Improving the figure of merit ZT is one approach to
enhance the efficiency of the energy conversion system.
ZT :=
σ  α2
Λ
[1]
The involved material parameters are the isothermal elec-
trical conductivity σ, the Seebeck coefficient α and the
electric open-circuit entropy conductivity Λ. For clarity
the latter is preferred over the thermal energy (“heat”)
conductivity λ, which is related to it by eq. [2]; see Fuchs
(2010) and Feldhoff (2015):
λ=Λ  T [2]
For high-temperature electric power generation in air,
n- and p-type semi-conducting thermoelectric oxides are
supposed to be promising materials, due to their advan-
tages, such as non-toxicity, thermal and mechanical sta-
bility at high temperatures and moreover high chemical
stability under oxidizing conditions; see Rowe (1995).
Several publications focus on the layer-structured cobalt
oxide Ca3Co4O9, based on CaO, and Sn-doped indium
oxide ðIn2− xSnxO3Þ due to their high power factor σ  α2
and thus the efficiency of TEGs made of it, see Xu et al.
(2002), Miyazaki (2004), Bérardan et al. (2008) and
Guilmeau et al. (2009).
Ca3Co4O9 exhibits a misfit-layered structure, which
consists of CdI2-type CoO2 triangular lattice and a layered
rock-salt part of three Ca2CoO3 units which are stacked
alternatingly along the c-axis. The electronic structure of
Ca3Co4O9 is beneficial for thermoelectric applications due
to it’s density of states (DOS), which consists of two non-
bonding, degenerated e′ g levels and thus a broad delo-
calized e′ g band and a bonding, non-degenerated a1g
level and thereby a localized a1g band. The density of
states near the Fermi energy EF is schematically shown in
Figure 1(a). The height of the Fermi energy EF can be
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controlled by the valence state of cobalt cations. It can be
adjusted with the aid of hole-doping, or with implement-
ing dopants into the structure. When EF crosses the bor-
der where the a1g and e′ g orbitals are hybridized,
according to Miyazaki (2004), a high electrical conductiv-
ity is expected due to a high density of unoccupied states
in the electronic bands above the highest occupied state.
The thermoelectric properties like electrical conductivity
σ, Seebeck coefficient α and entropy conductivity Λ of
Ca3Co4O9 can be further enhanced by controlling the
micro- and nano-structure. Liu et al. (2005) and Kenfaui
et al. (2010) used spark plasma sintering (SPS) and
Nagahama et al. (2002) a templated grain growth method
to modify the structure of Ca3Co4O9.
The Seebeck coefficient α can be expressed after
eq. [3] for the degenerate case ðkBT  EFÞ and depends
on the ratio of the oxidation states of cobalt ðCo3+ =4+ Þ;
see Singh (2000) and Miyazaki (2004). Thereby A(E) is
proportional to the area of the DOS at the Fermi level EF.
α⁓− ðδlnAðEÞ=δEÞE =EF [3]
A prospective n-type oxide is In2O3, which is an indirect
semiconductor with a band gap of 1.16 eV. The top of the
valence band of In2O3 shows a small dispersion (localized
states), made of hybridized O:2p and In:5d states. The
bottom of the conduction band possesses a large disper-
sion (delocalized states; see Figure 1(b)), which mainly
comes from the hybridized O:2p and In:5s orbitals. For
heavily doped In2O3 or by use of Sn as dopant, the EF is
situated inside the conduction band; see Figure 1(b). The
electrical conductivity is strongly affected by the electro-
nic configuration near the Fermi level EF. When Sn is
used as a dopant for In2O3, a strong hybridization of the
Sn:5s, In:5s and O:2p orbitals forms antibonding states
and thereby affects the states near the bottom of the
conduction band, shown in Figure 1(b), which leads to
a small band gap after Yan and Wang (2012).
The properties of tin-doped In2O3 (ITO) depend on the
amount of Sn within the structure; see Guilmeau et al.
(2009). For a low Sn fraction, In2− xSnxO3 possesses a
medium effective mass m* and a low carrier concentra-
tion n, which are both beneficial to the Seebeck coeffi-
cient α. For a highly degenerated semiconductor, the
Seebeck coefficient α is defined after eq. [4], γ depends
on the dominating scattering process (−0.5 for acoustic
phonons, 0 for neutral impurities and 1.5 for ionized
impurities); see Seeger (1991) and Guilmeau et al. (2009):
α=
2
3
π
3
 2
3
γ+
2
3
 
k2Bm
*
eh2n
2
3
[4]
Guilmeau et al. (2009) already carried out investigations
about tin-doped In2O3, and it is assumed to be a promising
thermoelectric n-type material. To our knowledge, no ther-
moelectric generator (TEG) has been constructed and char-
acterized made of Ca3Co4O9 as p-type and In1.95Sn0.05O3 as
n-type semiconductor.
Experimental
The thermoelectric materials, n-type In1.95Sn0.05O3 (ITO)
and p-type Ca3Co4O9 (CCO), were synthesized via a sol-
gel route, which allows obtaining fine-grained powders of
homogenous composition as described by Feldhoff et al.
(2008). The nitrates of accordant metal cations were stoi-
chiometrically solved and added to an aqueous ammonia
Figure 1: Schematic representation of the density of states (DOS) near the Fermi level EF, occupied states (hatched) below EF in: a) Co:3d
energy levels of the rhombohedrally distorted CoO6 octahedron ða1g and e′gÞ of Ca3Co4O9 after Miyazaki (2004) and b) In:5s, Sn:5s and O:2p
energy levels of In1.95Sn0.05O3 after Yan and Wang (2012).
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solution of pH= 9 which also contained citric acid and
ethylenediaminetetraacetic acid (EDTA) for complexing
the soluted metal ions in the solution. Indium(III) nitrate
hydrate from Alfa Aesar, 99.9% trace metal basis was
used as indium source and tin(II) acetate 95.0% from
Alfa Aesar as tin source. For Ca3Co4O9, calcium(II) nitrate
tetrahydrate ≥ 99.0% from Sigma Aldrich and cobalt(II)
nitrate hexahydrate ACS 98–102.00% from Alfa Aesar
were used as sources. The obtained powders were cal-
cined for 10 h at 973 K, in case of In1.95Sn0.05O3 and for 5
h at 1,073 K in case of Ca3Co4O9 with a heating and
cooling rate of 3 min K− 1, respectively. The calcined
powders were cold pressed and sintered. The n-type
material In1.95Sn0.05O3 was sintered for 15 h at 1,873 K
with a heating and cooling rate of 3 min K− 1. The p-type
material Ca3Co4O9 was sintered for 10 h at 1,173 K with
the same heating and cooling parameters. All steps,
synthesis, calcination and sintering, were performed
under ambient air conditions.
The phase compositions of synthesized powders and
sintered ceramics for both materials were characterized by
X-ray diffraction (XRD) using a Bruker D8 Advance with
Cu−Kα radiation. A time per step of 0.3 s, a step size of
0.0105 °, a voltage of 40 kV and a current of 40 mA were
applied for XRDmeasurement. Microstructural characteriza-
tion was carried out by field-emission scanning electron
microscope (FE-SEM) of the type JEOL JSM-6700F, which
was equipped with an energy-dispersive X-ray spectrometer
(EDXS) of the type Oxford Instruments INCA 300 for ele-
mental analysis. N-type specimen were vibration-polished
on a Buehler Vibromet-2 using 50 nm colloidal alumina
suspension. P-type specimen were polished with a Struers
Tegramin-20 using a multistep polishing program with col-
loidal diamond suspensions with grain sizes from 9 to 1 μm.
Density measurements were performed by an Archimedes
setup using ISO 5018:1983 (the International Organization
for Standardization) in which the dry mass, mass in solvent
and wet mass of the sample, was measured. The coefficient
of thermal expansion (CTE) was estimated in synthetic air
using a dilatometer DIL 402 C from Netzsch.
To determine the thermoelectric properties of the cho-
sen materials, electrical conductivity σ, Seebeck coefficient
α and entropy conductivitymeasurementsΛweremeasured
as a function of temperature. Thereby the power factor σ  α2
and the figure of merit ZT of Ca3Co4O9 as well as for
In1.95Sn0.05O3 were estimated. Thermoelectric properties
were measured with a home-made measurement cell after
Indris (2001). The used furnace is an ELITE thermal system.
The electronic parameters were measured with KEITHLEY
2100 612 Digit Multimeters. Data were acquired and con-
verted using LAB VIEW software. The measurements of
the heat conductivity λ and entropy conductivity Λ, respec-
tively were carried out by a laser flash setup LFA 457
MicroFlash from Netzsch.
Characterization of the thermoelectric generator and
estimation of ZT of the module were realized with a load-
resistance dependent measurement under steady-state
conditions, as shown schematically in Figure 2.
Materials Properties
To verify the crystal structure and phase purity of n- and
p-type powders and ceramics, XRD analyses were carried
out. The Ca3Co4O9 powder obtained after calcination at
1,073 K for 5 h is phase pure. After cold pressing and
sintering at 1,173 K for 10 h a pure Ca3Co4O9 ceramic was
obtained. Comparing the powder pattern with the pattern of
the Ca3Co4O9 ceramic, a texture is visible (reflection 2010
(overbar on 2)); see Figure 3(a). Based on the results of
Figure 2: Sketch of the measurement setup to characterize the
oxide-based thermoelectric generator in ambient air. Remind the
alternating directions of coupling an entropy current JS with an
electrical current Jq in p- ðα > 0Þ and n-type ðα < 0Þ semiconducting
legs. If a closed electrical circuit is present (closed switch),
a circular electrical current (drawn in dotted lines) is driven
by the entropy currents (red arrows), which expresses the power
conversion. When the switch is open, the open circuit voltage is
measured. Electrical current Jq and voltage U are measured with
multimeters as a function of the load resistance Rload, which are
adjusted by a variable resistor. The temperatures T1 and T2 and
thereby the temperature difference ΔT between hot and cold side
are measured with Pt-Rh thermocouples, which are operated in
electrical open-circuit conditions. Here, entropy fluxes are present
but small as compared to the ones running the generator.
M. Bittner et al.: Oxide-Based Thermoelectric Generator 215
Bereitgestellt von | Technische Informationsbibliothek (TIB)
Angemeldet
Heruntergeladen am | 27.10.16 15:03
3.2 Oxide-Based Thermoelectric Generator for High-Temperature
Application Using p-Type Ca3Co4O9 and n-Type In1.95Sn0.05O3 Legs
51
Miyazaki et al. (2002), a Rietveld refinement, utilizing Topas
4.2 software, was performed to analyze the Ca3Co4O9 cera-
mic. The best results were accomplished for superspace
group Cm (0 1-p0), equivalent to Bm ð00 γÞ, no. 8.3; see
Prince (2004), the crystal system was monoclinic base-cen-
tered with a=4.84Å, c= 10.84Å, β= 96.11 and α= γ= 90.
The b-axis was refined to be b1 = 2.82Å for the CoO2 sub-
system and b2 = 4.55Å for the Ca2CoO3 subsystem;
see Miyazaki et al. (2002). For the n-type material
In1.95Sn0.05O3, a pure nanopowder is obtained after calcina-
tion at 973 K for 10 h. The powder got pressed and sintered
at 1,873 K for 15 h and a pure In1.95Sn0.05O3 ceramic was
obtained; see Figure 3(b). It crystallized in space group Ia-3
(no. 206) in a cubic body-centered unit cell with a = 10.12Å,
taken from PDF-2 database (01-089-4596).
For microstructural characterization of the thermoelec-
tric materials by SEM, the sintered ceramics were prepared
by polishing steps. The n-type ceramic was treated with a
multistep polishing program followed by vibration polish-
ing. The p-type material was also prepared with a multi-
step polishing program finished with a fine polishing step
with a diamond grains solution. Figure 4 reveals the
results of microstructural investigation of the n-type
In1.95Sn0.05O3 and p-type Ca3Co4O9 materials.
Figure 3: X-ray diffraction patterns of: a) CCO calcined powder and sintered ceramic, indexed reflections of superspace group Cm (0 1-p 0),
equivalent to Bm (0 0 γ), no. 8.3; see Prince (2004) and b) ITO calcined powder and sintered ceramic, indexed reflections of space group Ia-3
(no. 206), taken from PDF-2 database (01-089-4596).
Figure 4: a,b) Sintered ceramics prepared by a single polishing program for Ca3Co4O9 sample, and polishing and vibration-polishing
program for In1.95Sn0.05O3 sample, analyzed cross-section in SEM, c,d) EDX spectra of Ca3Co4O9 and In1.95Sn0.05O3 ceramic.
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The SEM investigations of the Ca3Co4O9 polished
sample shown in Figure 4(a) exhibits no visible grain
distribution of the p-type material. The sintered
Ca3Co4O9 ceramic shows a high porosity with a con-
nected pore network. Figure 4(c) shows the EDX spectra
of the Ca3Co4O9 sample, a C peak due to the polishing
steps is obtained in the spectrum but no other impuri-
ties. The SEM investigations in Figure 4(b, d), of the
vibration-polished In1.95Sn0.05O3 sample, show grain
sizes which are varying from 10 to 40 μm. The sample
possesses a closed porosity. The pores are isolated and
do not form a network. An Al peak was detected in
the EDX spectrum, shown in Figure 4(d). This can be
explained by the insertion of Al2O3 nanoparticles into
the pores during the vibration-polishing step. In the
elemental distribution analysis made by EDX no impu-
rities are visible except those of the polishing steps, i. e.
Al and Si.
Density measurements of the n-type In1.95Sn0.05O3
and p-type Ca3Co4O9 materials were performed with an
Archimedes setup. For the n-type material, 92.12% of the
theoretical density could be achieved. The sintered
Ca3Co4O9 sample achieved a theoretical density of
54.0% only. Table 1 shows the measured values for the
density of the bulk ceramic as well as calculated values
for open porosity, true porosity and closed porosity for
both materials.
These measurements confirm the SEM investigations.
In1.95Sn0.05O3 possesses a low open porosity and a
slightly higher closed porosity. Ca3Co4O9 exhibits a high
open porosity and almost no closed porosity. This indi-
cates that there is a connected network present between
the pores. The coefficient of thermal expansion was mea-
sured with a dilatometer from Netzsch 402C as a function
of temperature for In1.95Sn0.05O3 and Ca3Co4O9 ceramics.
Starting from powder samples, two dilatometer measure-
ments were performed. First cycles represent the sintering
curves for In1.95Sn0.05O3 and Ca3Co4O9 samples, respec-
tively. The second cycles depict the dilatometer measure-
ments, shown in Figure 5(a, b). Figure 5(a, b) shows
the quotient of the variation in length and initial length
dL/L0 in percent as a function of temperature, the value
of the CTE during heating and cooling was estimated
from the measured values (dashed lines). The CTE
between 400 °C and 900 °C during heating and cooling
exhibits almost the same value of 14.7  10− 6K− 1 for
In1.95Sn0.05O3. The CTE of Ca3Co4O9 between 673 K and
1073 K represents 15.0  10− 6K− 1 during heating and
18.1  10− 6K− 1 during cooling, respectively.
Figure 6(a, b) shows the measured values for σ and α
of In1.95Sn0.05O3 and Ca3Co4O9 as a function of tempera-
ture. The electrical conductivity σ of Ca3Co4O9 is almost
constant over the whole temperature range and reaches
32.5 S  cm− 1 at 1,073 K. The electrical conductivity of
In1.95Sn0.05O3 increases exponentially at about 900 K and
achieves 608 S  cm at 1,073 K. The Seebeck coefficient α
of Ca3Co4O9 is almost constant from 500 to 1,100 K and
decreases to lower temperatures. The α value of
In1.95Sn0.05O3 increases slightly with temperature. The
Table 1: Measured values of density and porosity of In1.95Sn0.05O3
(15 h at 1,873 K) and Ca3Co4O9 (10 h at 1,173 K) ceramic, using
ISO 5018:1983 (the International Organization for Standardization).
Material Bulk
density/
g·cm–
True
density/
g·cm–
Open
porosity/%
Closed
porosity/%
True
porosity/%
In.Sn.O . . . . .
CaCoO . . . . .
Figure 5: Coefficient of thermal expansion (CTE): thermal expansion and shrinkage during heating and cooling as a function of temperature
of a) Ca3Co4O9 and b) In1.95Sn0.05O3 ceramic. Dashed lines indicate the temperature ranges for which the CTE was estimated, respectively.
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Seebeck values for both materials reach 203.8μV  K− 1 and
− 100.8 μV  K− 1 at 1,073 K, respectively. The values for
tin-doped indium oxide are in the same order as those
reported by Guilmeau et al. (2009). The electrical
conductivity σ of Ca3Co4O9 differs in absolute values, and
the course of the Seebeck coefficient α turns slightly dif-
ferent, due to a lower density of the ceramic, compared to
other studies, see Rasekh et al. (2013) and Xu et al. (2002).
The values for the power factor in Figure 6(c) of Ca3Co4O9
and In1.95Sn0.05O3, calculated from σ and α differ between
300 and 900 K. The power factor of In1.95Sn0.05O3 exceeds
that of Ca3Co4O9 after 1,000 K due to an exponential
increase in the electrical conductivity. The figure of merit
ZT of In1.95Sn0.05O3 and Ca3Co4O9 were estimated from the
ciphered power factors σ  α2, of 6.8 μW  cm − 1  K− 2 (ITO),
and 1.23 μW  cm− 1  K− 2 (CCO) and the entropy conduc-
tivity Λ respectively, which was measured via a laser flash
setup.
Figure 6(d) shows the entropy conductivity Λ of
In1.95Sn0.05O3 and Ca3Co4O9 as a function of the tempera-
ture. And Figure 6(f) shows the calculated figure of merit
of In1.95Sn0:05O3 and Ca3Co4O9 after eq. [1] as a function
of temperature. The entropy conductivity Λ reaches
10mW m− 1  K− 2 at 1,073 K for In1.95Sn0.05O3 and
0.59mW m− 1  K− 2 for Ca3Co4O9. The estimated figure
of merit for In1.95Sn0.05O3 and Ca3Co4O9 as a function of
temperature achieve 0.07 and 0.21 at 1,073 K, respec-
tively. The measured values for the heat conductivity λ
of 10.6W m− 1  K− 1 at 1,073 K for a In1.95Sn0.05O3 sample
vary slightly, compared to 8.5W m− 1  K− 1 at 1,000 K for
an indium oxide sample, which is doped with the same
tin fraction, reported by Guilmeau et al. (2009). Because
of a slightly lower heat conductivity λ reported in litera-
ture, the ZT value in this study also differs a little from
literature, maybe because of a different density of the
measured samples. The trend for the heat conductivity λ
Figure 6: Thermoelectric properties as a function of temperature of n-type In1.95Sn0.05O3 (squares, ITO) and p-type Ca3Co4O9 (circles, CCO).
a) Electrical conductivity σ and b) Seebeck coefficient α. c) power factor σ  α2, d) entropy conductivity Λ, e) heat conductivity λ (eq. [2]) and
f) figure of merit ZT, estimated according to eq. [1].
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and the measured values of 0.63W m− 1  K− 1 at 1,073 K
for Ca3Co4O9 also differ compared to the trend and value
of 1.7W m− 1  K− 1 at 1,073 K, reported by Nong, Liu, and
Ohtaki (2010). According to this trend, the value of
0.63 W m− 1  K− 1 at 1,073 K seems to be undersized.
This can be attributed to a lower density and high open
porosity of the measured Ca3Co4O9 sample, allowing gas
to permeate and thus contributing to the heat conductiv-
ity. The figure of merit ZT matches with the reported
values in literature.
Thermoelectric Generator
To assemble a thermoelectric generator, legs of n- and
p-type semiconductor materials were cut out of disk-
shaped ceramics, utilizing a wire saw. The n-type
In1.95Sn0.05O3 legs have an area of 1.1mm
2 and a length
of 2 mm. The p-type Ca3Co4O9 legs possess an area of
1.5mm2 and a length of 2 mm. The constructed oxide-
based thermoelectric generator consists of 5 n-type
In1.95Sn0.05O3 and 5 p-type Ca3Co4O9 legs. The legs were
connected to each other on the top and bottom plate via a
gold connector. The gold connector was placed on the
electrical insulating Al2O3 plates via coating of an
Au-paste from HERAEUS. The legs were placed on a
Al2O3 plate in electrical serial connection. The Al2O3
plates are rectangles with 15 mm lateral lengths.
Platinum wires were attached for electrical contacting to
an external electrical circuit. The manufactured module
was baked at 1,173 K for 2 hours to obtain a mechanically
stable device with metallic gold contacts.
Figure 7 shows a sketch of the thermoelectric gen-
erator and a side view of the constructed TEG with n- and
p-type legs, contacts, Al2O3-plates and Pt-wires. The
oxide-based thermoelectric generator was characterized
at high-temperature conditions in air. Figure 2 shows the
utilized measurement setup schematically. The upper
side of the generator was heated by a furnace up to
Thot = 1, 073 K while the bottom side was cooled by a
passive cooler (Tcold) to establish a temperature gradient
over the device obtaining a temperature drop of
ΔT = 113K. Two Pt=Rh thermocouples measure the tem-
perature at the hot and cold side, respectively and
thereby ΔT. The generator is connected with a voltmeter
and an amperemeter in parallel connection. The electrical
power output of the generator can be measured if a
variable resistor is prior to the amperemeter. The electri-
cal power output is maximum if the resistivity of the
module is equal to the load resistivity. The thermoelectric
generator couples an entropy current JS and an electric
current Jq in a way that energy is transferred from thermal
to electric process; see Figure 2. An oxide-based genera-
tor possesses a good thermal, chemical stability in oxidiz-
ing atmosphere and a conventional TEG setup provides
also good mechanical stability. Oxides own still inferior
thermoelectric properties, so improvement is needed for
Seebeck coefficient α and entropy conductivity Λ of
In1.95Sn0.05O3 and electrical conductivity σ and entropy
conductivity Λ of Ca3Co4O9. After a period of time of 1
hour, the device was in equilibrium and the variable
Figure 7: a) Dimensions of n- and p-type legs, b) sketch of TEG setup, c) side-view photograph of the TEG.
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resistor in the external circuit was switched and thereby
different load resistances Rload were applied. The electri-
cal parameters electrical current Jq and voltage U were
measured in dependence of Rload and different Thot. Every
measuring step last 5 min. The first measurement was
always under quasi closed-circuited conditions, this
means without any load resistance Rload other than the
internal resistance by cables etc. The electrical power
output Pel of the device is related to the current and the
voltage, while the area-specific electrical power density
ωel depends on the quotient of the power output Pel and
the area of the device. The electrical power output Pel was
estimated by multiplying the measured values of U and
Jq. The area-specific electrical power density was calcu-
lated by dividing Pel with the area of 2.25 cm
2. Figure 8
shows the measured data points and continuously fitted
plots of U and Pel as a function of Jq. The maximum
electrical power output Pel,max, the associated electrical
current Jq(Pmax) and voltage U(Pmax) can be estimated
and read from the fitted data plots. The short-circuit
current Jq,SC and open-circuit voltage UOC can also be
determined from the fitted plots in Figure 8. The
calculated values of the electrical power density of
ωel = 2.13mW  cm − 2 at Thot = 1, 073 K,ωel = 1.6mW  cm − 2
at Thot = 1, 023 K and ωel = 1.36mW  cm− 2 at Thot = 973K
are also plotted in Figure 8. The TEG possesses a fill
factor of 5.78% when an area of the p,n couples of
0.13 cm2 and an area of the top and bottom plates of
2.25 cm2 are assumed. The measured thermoelectric para-
meters of the device at different applied steady-state
temperature conditions are listed in Table 2. The electri-
cal power output Pel depends on the load-resistance Rload
in the external circuit, which can be expressed by eq. [5].
The maximum electrical power output is a load-resis-
tance dependent parameter. It becomes becomes maxi-
mal if the load resistance Rload is equal to Rmodule after eq.
[6]; see Möschwitzer and Lunze (1998).
Pel =
U2OC
4  Rload  UOC −UloadUload
[5]
Rload =Rmodule =
X
Rn +
X
Rp
 
[6]
Jq/mA
Jq (Pmax)
U(Pmax)
Pmax
U
/m
V
P
el
 /m
V
Figure 8: Fitted electrical power output Pel (rectangular dots) and voltage (spherical dots) as a function of the electrical current Jq at different
applied Thot temperatures (1,073 K in black, 1,023 K in red and 973 K in green). U(Pmax) and Jq(Pmax) of the respective Pel,max at different
temperature conditions are indicated (dashed lines).
Table 2: Measured and calculated values of the thermoelectric generator at different applied temperature conditions.
Thot=K ΔT=K Rmodule=Ω UOC=mV Jq,SC

mA U Pmaxð Þ=mV Jq Pmaxð Þ

mA Pmax=mW
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At the maximum power output, when Rload is equal to
Rmodule (eq. [6]) and Uload = 12UOC, eq. [5] becomes eq. [7].
Pmax =
U2OC
4  Rmodule [7]
The measured and calculated parameters of the TEG
are listed in Table 2. The maximum electrical power
output Pel,max of the thermoelectric generator for three
different applied temperatures, when a temperature
difference of 113 K is established, can be read from
the extrapolated curves. At a hot-side temperature of
Thot = 1073K, the TEG provides and electrical power out-
put of Pel = 4.8mW, at Thot = 1, 023 K, Pel = 3.62mW and at
Thot = 973 K, Pel = 3.06mW. The U(Pmax) and Jq(Pmax) of the
respective Pel,max at different temperatures can be read
from the linearly extrapolated U − Jq plot. The values for
UOC were measured and Jq,SC values were extrapolated
from the measured U − Jq curves.
The figure of merit ZT of the generator can be calcu-
lated from these measured values by eq. [8] after Min and
Rowe (2001). At a hot-side temperature of Thot = 1, 073 K
and an applied temperature drop of ΔT = 113 K, a figure of
merit of 0.02 can be reached. This value for the whole
generator is similar to the value for the material
In1.95Sn0.05O3, see Figure 6f, which is the efficiency-limit-
ing part of the generator.
ZT =
UOC
Jq, SC  Rmodule − 1 [8]
An oxide-based TEG made of In1.95Sn0.05O3 and Ca3Co4O9
provides a better balance of voltage U and current
JqðUðPmaxÞ= 108.25mV, JqðPmaxÞ= 44.32mAÞ and thus a
high electrical power output, compared with a generator
made of ZnO and Ca3Co4O9 see Feldhoff and Geppert
(2014), which offers not more than 0.55 mW at an almost
doubled temperature difference. Nevertheless it is diffi-
cult to compare thermoelectric generators with each other
due to the different dimensions of the n- and p-type legs,
different applied temperatures and temperature differ-
ences, see Choi et al. (2011) and Matsubara et al. (2001).
But if we consider that the electrical power output
depends on the product of U and Jq, the combination of
In1.95Sn0.05O3 and Ca3Co4O9 possess beneficial properties
for power generation at high-temperature conditions in
ambient atmosphere.
Conclusions
An oxide-based thermoelectric generator consisting of n-
type In1.95Sn0.05O3 and p-type Ca3Co4O9 semiconductor
legs was successfully constructed and characterized.
The maximum electric power output depends and
increases with increasing hot-side temperature. A high
voltage and electric current is advantageous and could
be accomplished by the use of a highly electrically con-
ductive In1.95Sn0.05O3 n-type material. The efficiency of
the whole system is limited by the figure of merit ZT of
the In1.95Sn0.05O3 n-type legs. A ZT value of 0.02 for the
device was achieved and a maximum electric power out-
put of 4.8 mW was obtained at 1,073 K hot-side tempera-
ture and a temperature difference of ΔT = 113 K. To
improve the power output of the thermoelectric genera-
tor, the cross sections of the electric conductors can be
adapted to each other in terms of the specific resistance.
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Abstract: A prototype flexible thermoelectric generator
fabricated with bulk materials is presented. Mineral-fiber
band and copper tape are used as flexible substrate and
electric connectors, respectively, to coil up the constructed
thermoelectric device under investigation. The applied
active thermoelectric materials are Ca3Co4O9 ceramic and
Cu-Ni alloy for hole and electron conduction, respectively.
Thermal parallel and electric series connections of the
mentioned materials were realized in the prototype flex-
ible thermoelectric generator. The device delivered an
open-circuit voltage of 16.52 mV and a short-circuit current
of 19.40 μA with a temperature difference of ΔTTEG = 31 K
for the hot side temperature of 420 K. The device exhibits
an approximately 3 cm long stripe that include four basic
units (n-p pair and electric connector).
Introduction
Studies on thermoelectric systems focus on thermoelec-
trically active materials and on entire thermoelectric
devices that consist of different materials. Hence, thermo-
electric investigations are highly interdisciplinary and
involve fields ranging from solid state chemistry, for the
development of new materials, to fabrication engineer-
ing, including geometric and electronic research. The
crucial quantities in determining the thermoelectric prop-
erties of a material are the isothermal (~∇T =0) specific
electric resistivity ρ, the Seebeck coefficient α (from ther-
movoltage) and the specific entropy conductivity Λ at
electric open-circuit conditions (~jq =0); see Fuchs (2010,
2014), Feldhoff (2015). The coupled potential gradients for
entropy ~∇T and charge ~∇’ and the related generated
entropy flux density~jS and charge flux density~jq can be
quantitativily described in terms of thermoelectric quan-
tities, considering a thermoelectric material tensor that
includes all of the measurable thermoelectric properties
that determine the thermoelectric performance of a
particular material. The array presentation for the ther-
moelectric description is shown in eq. [1]; see Feldhoff
(2015), Geppert et al. (2015):
~jS
~jq
0
@
1
A= −
α2
ρ +Λ
α
ρ
α
ρ
1
ρ
0
@
1
A 
~∇T
~∇’
0
@
1
A [1]
The leg-area related flux densities for the entropy~jS and
charge~jq with the cross-sectional area ~Aleg of the regarded
legs give the absolute fluxes JS and Jq according to:
JS =~jS ~Aleg [2]
Jq =~jq ~Aleg [3]
In addition to trying to apply certain materials to certain
temperature conditions, the geometric properties of a
complete thermoelectric generator (TEG) must be consid-
ered. Many studies have considered Bi2− xSbxTe3-based
materials or metals such as Ni and Cu; see Kuznetsov
et al. (2002), Poudel et al. (2008). The construction of a
TEG requires an electrical series-connection of a hole
conductor (α > 0), where the motions of thermal and elec-
tric fluxes are directed in the same direction and an
electron conductor (α < 0), where the thermal and electric
fluxes are directed in the opposite directions; see Feldhoff
and Geppert (2014). The materials connected in electronic
series are called legs and are commonly connected using
metallic (e.g., copper) connectors. If the device is placed
in a gradient of thermal potential ~∇T, an electric poten-
tial ~∇’ builds up, and, according to eq. [1], coupled
fluxes are generated for the entropy current density ~jS
and electric current density~jq. In the case of high charge
carrier densities (compared with isolating materials), the
potential gradients ~∇ along the length Lleg of the applied
legs can be expressed as drops (differences) Δ in terms of
the considered potentials for entropy and charge.
~∇T
Lleg
=ΔT [4]
~∇’
Lleg
=Δ’ [5]
Hence, a TEG is a device that transfers energy from
an entropy current to an electric current; see Fuchs
(2010, 2014), Feldhoff (2015).These properties make a
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thermoelectric generator that is useful for recovering
waste heat in different processes.
Most of the current studies on flexible or even coilable
thermoelectric systems are based on thin-film or at least
thick-film technology. Thin-film fabrication often uses
Bi2− xSbxTe3, which is the most efficient and prominent
system for application in the 300–473 K range; see Cao
et al. (2014) and Francioso et al. (2011). Flexible harvesters
were also fabricated using metals such as Cu andNi, see
Glatz, Munwyler, and Hierold (2006). Studies have also
been performedon flexible TEGs using polymer-based com-
posites; see Suemori, Hoshino, and Ka-mata (2013), Stepien
et al. (2015).Using bulk materials (pressed and sintered) the
physical properties as electric resistivity, thermovoltage and
mechanical stability are superior compared to those of
deposited versions of the same material. Due to the techni-
ques of thin- or thick-film production, the grains of the
materials are not necessarily contacted in either sintered
ceramics or metals. Compared to bulk Bi-Te, electrochemi-
cally deposited Bi-Te films exhibit higher specific electric
resistance values and smaller Seebeck coefficient values;
see Yoo et al. (2005). Applying bulk fabrication avoids the
requirement for elaborate equipment that is typically
required for thin-film fabrication of the thermoelectric mate-
rials using techniques such as sputtering, printing or grow-
ing (e.g., electrochemical deposition). The contact of grains
inside the film can also be a problem for printing. (Bi, Sb)-Te
films obtained by screen-printing technologies can exhibit a
higher electric resistance compared with that of the bulk
material. The films must be densified by cold-pressing to
decrease the specific electric resistance and increase the
Seebeck coefficient; see Cao et al. (2014).
The present approach allows the inclusion of differ-
ent material classes, as oxides and metals, without con-
sidering the contact of the grains forming the entire bulk
phase. Furthermore, the costs of the Bi2− xSbxTe3 com-
pounds are higher than those of the materials that we
intend to use in our device. A summary of material costs
for thermoelectrics is presented by LeBlanc et al. (2014).
Conventional systems often include ceramic bottom- and
top-plates with the series connection of thermoelectric
legs in between. After connecting the legs electrically,
the system is closed and can only be opened by discon-
necting the assembled materials. Therefore, a coilable
TEG exhibits advantagous fabrication. Because the TEG
stripe is prepared as a geometrically open system, it is
easier to connect the thermoelectric legs to the metallic
connector without producing any electric short-circuits
that must be avoided. In conventional rigid devices, the
prepared electric connectors have to be added very pre-
cisely to maximize the leg density. We built devices using
both the rigid approach and the flexible approach. In our
opinion, upscaling is easier using the approach of first
fabricating an open stripe TEG, and then packing it into a
dense system (e.g., via coiling up the stripe). Therefore, a
stripe TEG is easier to assemble than is a conventional
“chess-pattern” geometry. A flexible prototype thermo-
electric generator was fabricated using bulk materials.
Mineral-fiber band as flexible substrate enables the coil-
ing of the constructed thermoelectric system under inves-
tigation. For n-type legs, Cu-Ni alloy was applied,
whereas the p-type leg was realized using Ca3Co4O9. Cu-
tape was used to connect the thermoelectric materials.
The increased leg density obtained without risking elec-
tric short-circuit conditions (the applied substrate, in this
case mineral-fiber band, is the electric isolating layer) is
the advantage of coiled TEGs compared with conven-
tional rigid TEGs that have a “chess pattern” geometry.
Indeed, flexible TEG constructed with thin-film deposited
materials can be compacted to a very high degree. The
presented prototype is a macroscopic system that can
also be developed at smaller scales.
Experimental
Material Synthesies and Preparation
The p-type thermoelectric oxide Ca3Co4O9 was synthesized
using the sol-gel method, as described by Feldhoff et al.
(2008).Nitrates of calcium and cobalt cations were stoi-
chiometrically added to an aqueous ammonia solution of
pH = 9 containing citric acid and EDTA for complexing
the solvated metal ions. The obtained precipitate was cal-
cined at 1,073 K for 10 h with a heating and cooling rates
of 3K  min− 1. The calcined powder product was cold-
pressed and sintered at 1,173 K for 10 h at heating and
cooling rates of 2 Kmin− 1. Bars (legs) with length, width
and thickness of 6 mm, 1.5 mm and 1 mm, respectively,
were cut from the obtained Ca3Co4O9 ceramic-disc.
The Cu-Ni alloy was in the form of a commercially
available wire with a diameter of 1 mm. To connect
the thermoelectric materials, adhesive Cu-tape was attached
on a mineral-fiber band (HORST GmbH; order-nr.: 10 03 02).
The thermoelectric materials were mounted to the Cu con-
nectors and attached by a commonly used solder, to obtain
the electric series connection, that is essential for the device.
Silver pastewas used to connect the thermoelectricmaterials
with the Cu connectors through the solder. Silver paste is
used to avoid other preparation technologies such as physi-
cal vapor deposition (PVD)when coating the ceramic surface
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with a metallic layer. It is not possible to use the silver paste
without soldering, because this leads to the delamination of
the silver layer from the Cu surface during heating due to the
thermomechanical stresses inside the assembled layer struc-
ture. The manufacturer’s physical data for applied commer-
cial materials are listed in Table 1. The parameters for the Cu
tape were taken from the data sheet prepared by Deutsches
Kupfer-Institut e.V. (DKI), see Franke and Juhl (2000). The
entropy conductivity at open-circuit conditions Λ is related
to the heat conductivity λ via the absolute working tempera-
ture T, shown in eq. [6], see Feldhoff (2015).
λ=T  Λ (6)
Thermoelectric Measurements
of Single Materials
To characterize the thermoelectric properties of the materi-
als, the temperature-dependent isothermal specific electric
resistivity and the Seebeck coefficient, as estimated from
the thermovoltage, were measured. Using these data the
power factor α
2
ρ , which is a part of the tensor element,
describing the entropy conductivity coupled to the electric
phenomenon, in eq. [1], was estimated for each compound.
A precision vertical diamond wire-saw model 3242 from
O’WELL was used for sample preparation. Thermoelectric
properties were measured using a measurement cell con-
structed in-house that is a modified version of the arrange-
ment described by Indris (2001). The sample is clamped
between two platinum electrodes to close the electric cir-
cuit in a pseudo-four-point measurement. The applied
furnace is an ELITHE thermal system. The electronic para-
meters were measured with KEITHLEY 2100 612 Digit
Multimeters. The measured data were converted using
the LAB VIEW software. An illustration of the measure-
ment setup for determining the parameters of single mate-
rials is presented in Figure 1.
Thermoelectric Measurements
of Prototype TEG
The fabricated prototype was placed on a heater to esti-
mate its thermoelectric characteristics. The heat sink was
Table 1: Physical manufacturer’s data of applied commercial materials with thermoelectric parameters for 293 K.
material ρ/mΩcm λ/WðmKÞ− 1 Λ/Wm− 1K− 2 α=μVK− 1 Tdegradation=K
mineral fiber 1017...1018 . 3.4 10− 2 n.a. 890 (Tstrain)
Cu tape 1.7 10−3  . n.a. 1,356 (Tmelt)
Cu-Ni alloy 4.9 10−2  7.8 10− 2 – 1,553 (Tmelt)
Sn-Pb solder 1.4 10−2  1.7 10− 1 n.a. 456 (Tmelt)
Figure 1: Schematic illustration of
the measurement setup for deter-
mining the thermoelectric charac-
teristics of single materials.
(a) setup for determining the spe-
cific isothermal electric resistance,
(b) setup for determining the
Seebeck coefficient.
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established naturally, using the temperature drop, that
was generated by radiation losses without any additional
setup for passive or active cooling. Hence, the tempera-
ture of the cold junction of the device increased with the
increasing temperature of the hot side (heater side). The
used heat-source was a STUART CB160 hot-plate. The
prototype TEG was placed on the heater in a bent form
as shown in Figure 3(c). A schematic illustration of the
measurement setup is shown in Figure 2. The tempera-
ture was measured using thermocouples. The thermovol-
tage U=Δ’ (see eq. [5]) and the electric current I = Jq
(see eq. [3]) were measured for different external load
Rload-values.
Microstructure Analysis
The materials were analyzed using field-emission scan-
ning electron microscopy (FE-SEM) using a JEOL JSM-
6700F, equipped with an Oxford Instruments INCA 300
energy-dispersive X-ray spectrometer (EDXS) for elemen-
tal analysis. The phase composition of Ca3Co4O9 calcined
powder product and sintered ceramic were analyzed by
X-ray diffraction (XRD) using a Bruker D8 Advance with
Cu-Kα radiation. The reference data for the crystal struc-
ture analysis were taken from the Powder Diffraction File
(PDF2) database.
Fabrication of the Flexible Thermoelectric
Generator
Figure 3 shows the fabricated device as a flat stripe and
in perspective view to show the provided flexibility. The
basic material of the developed generator is a mineral-
fiber band that provides a flexible substrate for the TEG
stripe. The band is 14.5 mm wide and 150 μm thick and
can be heated to 890 K in continuous working conditions.
Figure 3: Microphotography of the prototype flexible TEG; (a) side
view on plan side, (b) perspective view on bend device, (c) top view
on bend device.
Figure 2: Schematic side-view
illustration of the measurement
setup for determining the thermo-
electric characteristics of the flex-
ible TEG. Schematics for a device
with parallel entropy current JS (see
eq. [2]) and electric ring current Jq
(see eq. [3]) are displayed.
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The copper tape, used to realize the electric series con-
nection, has a width of 6.3 mm and a thickness of 50 μm.
It was attached with its adhesive side to the mineral-fiber
band substrate by clamping it around the edge of the
band such that there was approximately 1 mm of free
space between each pair of Cu stripes. The gap between
the connectors of the two sides (hot and cold sides in
working conditions) is approximately 2.5 mm. The
Ca3Co4O9 ceramic legs were cut from a sintered disc of
the Ca3Co4O9 material. Each p-type leg exhibits a length
of 6 mm, a width of 1.5 mm and a thickness of 1 mm. The
metallic Cu-Ni alloy was used in the form of a wire with a
diameter of 1 mm. The wire was also cut into pieces with
a length of 6 mm. To fix the thermoelectric legs to the
copper connectors, the materials were initially coated
with silver paste that had been cured at room tempera-
ture. The legs were then soldered to obtain a mechani-
cally stable connection.
To examine the inside of the fabricated device, a
basic unit was cut out and embedded in epoxy resin to
fix the thin and flexible part of the device. A cross-
section was then obtained by cutting and polishing the
assembled materials. A photograph of the cross-section
of the prepared basic unit is shown in Figure 4. With the
exception the silver paste all components of the pre-
pared basic unit of the prototype flexible TEG can be
seen. Related to the prepared cut, the Cu-Ni alloy wire is
completely surrounded by the used solder (right side of
the basic unit). The ceramic Ca3Co4O9 material is not
completely surrounded by the solder (left side of the
basic unit). Due to the location of the prepared cut for
the cross-section, only one piece of the solder remains,
that is positioned on the upper left edge of the Ca3Co4O9
sample bar. Despite of the impression conveyed by the
arrangement shown in Figure 4, all connecting regions
of thermoelectric materials and the Cu connectors were
coated completely with solder and provided a mechani-
cally stable fixation, see Figure 3. Figure 4(b), 4(c) show
pseudocolor micrographs with the displayed colors
related to the energy-ranges are displayed to identify
the materials used in the basic unit arrangement. The
epoxy resin, surrounding the basic unit, is displayed in
orange-red as caused by the X-ray emission of the car-
bon (C: K-emission) with an emission energy in the
0–0.5 keV range. The electric connectors (Cu: L-emis-
sion) and the Cu-Ni alloy (Cu, Ni: L-emission) are shown
in yellow with an X-ray energy range of 0.5–1.0 keV. The
mineral-fiber band (Si, Al: K-emission) is colored green
and is related to an energy range of 1.0–2.0 keV. The
solder (Sn, Pb: L, M-emission) and the silver paste (Ag:
L-emission) are displayed in light blue with related
X-ray emissions covering the 1.5–5 keV energy range.
Figure 4: (a) Microphotograph of cut and polished cross-
section of the prepared basic unit surrounded by epoxy
resin (mineral-fiber band is not visible); (b) pseudocolor
micrograph of Ca3Co4O9 side; (c) pseudocolor micro-
graph of Cu-Ni alloy side. Light blue: Sn, Pb, Ca and Ag
(solder and Ag-paste); green: Si, Ca and Al (mineral-fiber
band); yellow: Cu and Ni (electric connector and Cu-Ni
alloy); purple: Co and Ca (p-type semiconductor);
orange-red: C (epoxy resin).
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For the ceramic material Ca3Co4O9 the mixture of pseu-
docolors results in purple color (Ca, Co: L, K-emission).
The additional energy ranges are for Ca (orange-red)
with an energy range of 0–0.5 keV and for Co (blue)
with an energy range of 6.0–9.0 keV.
Figure 5 shows the area-related elemental distributions
of the cut and polished cross-section of the prepared basic
unic. The detailed results for elemental distribution of each
element are presented.
The interface of the ceramic Ca3Co4O9 and the metallic
solder, interconnected with the silver paste, is the most fra-
gile part of the device. Although the connection of the Cu-Ni
alloy and the copper connector, realized by silver paste and
solder, is still intact after the preparation, the ceramic
Ca3Co4O9 is delaminated from the copper tape. The differ-
ence in physical surface properties of ceramic material and
metallic components leads to the poormechanical stability of
the hetero-material boundary region. The disconnection can
Figure 5: EDXS elemental maps of cut and polished cross-section of the prepared basic unit: (a) Secondary electron micrograph of the
Ca3Co4O9 side, (b)–(i) elemental distribution at the Ca3Co4O9 side; (j) Secondary electron micrograph of the Cu-Ni alloy side; (k)–(r)
elemental distribution at the Cu-Ni alloy side.
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be caused by the mechanical preparation and heating of the
device until the melting point of the solder.
Results and Discussion
Microstructure of Materials
and Compositions
The crystal structures of the calcined powder product and
the sintered p-type Ca3Co4O9 ceramic were analyzed by
X-ray diffraction. The diffractograms are shown in Figure
6. Neiter Ca3Co4O9 calcined powder nor the sintered cera-
mic show any phases other Ca3Co4O9. The relative intensi-
ties of the detected reflections change from calcined powder
to sintered oxide ceramic such that only 00l and 20l reflec-
tions remain. This indicates a texture where plate-like
grains are lying preferentially with their crystallographic
c-axis normal to the surface of the sintered ceramic, as
shown in Figure 8. Such a textured surface structure is
caused by the cold pressing during the preparation for the
sintering process. The Bragg positions in Figure 6 were
taken from the Powder Diffraction Files (PDF2) database.
Figure 7 shows the elemental compositions of the thermo-
electricCa3Co4O9 ceramicandCu-Ni alloymaterials byEDXS
method in the FE-SEM. The quantitative analysis of the
metals inside the Cu-Ni alloy, Figure 7(b), reveals Cu, Ni
and Mn fractions of 57.89 wt.%, 41.11 wt.% and 1.00 wt.%,
respectively. Cu-Ni alloys of this elemental composition typi-
cally exhibits an almost constant electric resistivity over a
wide temperature range (Constantan, Isotan); this is con-
firmed by an inspection of Figure 10; see Lide (2008).
Figure 8 shows a secondary electron micrograph of the sur-
facemicrostructure for the semiconductingp-typeCa3Co4O9.
Due to the oriented crystal growth during the sintering pro-
cess, the grains at the outermost surface of the sintered
ceramic show a plate-like morphology. The surface structure
exhibits a median grain width of 2.5 μm and a median thick-
nessof the crystal platesof 1.3μm.Theceramic is not sintered
to a dense body. The porous arrangement inside the ceramic
can be expected to provide a low thermal conductivity; see
Rhee (1975).
Figure 6: XRD analysis of semi-conducting Ca3Co4O9 with displayed
Bragg positions underneath (PDF number: 00-058-0661); (a) powder
product calcined at 1,073 K for 10 h; (b) textured surface of the
ceramic sintered at 1,173 K for 10 h.
Figure 7: EDX spectra of synthesized and prepared materials.
(a) sintered Ca3Co4O9 ceramic, (b) Cu-Ni alloy with magnifed view
of Mn-Kα,β signals, (c) applied Sn-Pb based solder.
Figure 8: Secondary electron micrograph of the textured Ca3Co4O9
surface (see Figure 6 for XRD analysis) after sintering at 1,173 K for
10 h. Note the different magnification compared with Figure 5.
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Thermoelectric Investigations
The experimental errors for measurements of the Seebeck
coefficients and for the isothermal specific electric resis-
tivities were estimated by considering the errors for sam-
ple’s geometry measurements, fluctuations of electrical
quantities and fluctuations in the temperature profile for
the measurement of each material. Based on these con-
siderations, we developed a reliability range for each
measurement. Figure 9 shows the obtained Seebeck coef-
ficients of the Ca3Co4O9 ceramic and the Cu-Ni alloy.
The Seebeck coefficients of analyzed materials depend only
weakly on temperature. The absolute value of the semicon-
ductingoxideSeebeck coefficient is nearly three timeshigher
than that of the used metallic thermoelectric material. The
Seebeck coefficients decreased sharply at approximately
room temperature (300 K) due to the vanishing temperature
difference along the samples that (not shown). We therefor
decided to display the values starting at 330 K and to show
the values in the range for with we have reliable measure-
ment data. The Seebeck coefficient of the ceramicmaterial is
almost three times higher than the value for the Cu-Ni alloy.
The Seebeck coefficient of the Cu-Ni alloy reaches values in
the range between –40 and –60 μVK − 1 at roomtemperature
(300 K). This result is in good agreement with the values
obtained in round-robin measurements reported by Lu et al.
(2009) Lu, Lowhorn, Wong-Ng, Zhang, Lu, Otani, Thomas,
Tran, Dilly, Ghamaty, Elsner, Hogan, Downey, Jie, Li, Obara,
Sharp, Caylor, Venkatasubramanian, Willigan, Yang,
Martin, Nolas, Edwards, and Tritt and Lowhorn et al. (2009)
Lowhorn, Wong-Ng, Zhang, Lu, Otani, Thomas, Tran, Dilly,
Ghamaty, Elsner, Hogan, Downey, Jie, Li, Obara, Sharp,
Caylor, Venkatasubramanian, Willigan, Yang, Martin,
Nolas, Edwards, and Tritt. For the Seebeck measurements
of the Ca3Co4O9, the values are 10–20 μVK − 1 higher than
those obtained at 300 K by Miyzaki (2004).
Figure 10 shows the results for isothermal specific
electric resistivity ρ measurements of applied thermoelec-
tric materials as a function of temperature. The isother-
mal specific resistivities of ceramic Ca3Co4O9 are in the
expected range for this semiconducting oxides. The mea-
surement results are on the same order of magnitude as
those presented in Miyzaki (2004). The absolute values
are 3 to 4 times higher. For the Cu-Ni alloy, the isother-
mal specific resistivity is almost independent of the tem-
perature in the considered temperature range. This was
already expected from elemental analyses (see discussion
of Figure 7(b)). The isothermal specific resistivitiy values
of the Cu-Ni alloy match those reported in the manufac-
turer’s datasheet.
The power factors α
2
ρ for both materials were calculated from
the median values of measured electric resistances and
Seebeck coefficient data and are displayed in Figure 11.
The error range was received by error propagation from
determined errors for the single parameters of the Seebeck
coefficients α (see Figure 9) and the specific resistivities (see
Figure 10).
To determine the thermoelectric parameters of the flex-
ible prototype TEG, four temperature differences ΔT were
established, as indicated in Table 2 and Figure 12. Figure
12(a) shows voltage-current (U-I) characteristics with a good
agreement between the measured data (data points) and the
linear fit (solid lines). Note, that the slopes of the lines
correspond to the internal resistance RTEG, as indicated in
Figure 9: Measured Seebeck coefficients of applied thermoelectric
materials as a function of temperature with estimated error ranges.
(a) Ca3Co4O9 ceramic; (b) Cu-Ni alloy.
Figure 10: Measured isothermal specific electric resistivities of
applied thermoelectric materials as function of temperature
with estimated error ranges. (a) Ca3Co4O9 ceramic;
(b) Cu-Ni alloy.
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Table 2. The electric output power Pel was estimated in terms
of different load resistivities Rload. Figure 12(b) also shows the
electric output power-electric current (Pel-I) characteristics,
with good agreement observed between the measured data
(data points) and the parabolic fit (solid lines).
The values of the open circuit voltage UOC calculated
from the measured Seebeck coefficients α (see Figure 9)
of single materials, are considerably larger. This is likely
due to large differences between the temperature drop of
the entire device from the heat source to heat sink ΔTTEG
and the established temperature difference along the legs
of a basic unit ΔTbasicunit =ΔTleg (see Figure 2). Table 3
presents the calculated temperature differences along the
legs of a basic unit ΔTbasicunit related to the measured
Seebeck coefficients (see Figure 9) and open circuit vol-
tages for the basic unit UOC, basicunit. The data collected for
the hot side temperature of Th = 336K and the temperature
difference along the entire TEG, ΔTTEG = 7K, were not
considered, because the measured values for the
Seebeck coefficients for the single materials in this tem-
perature range are not reliable (see Figure 9 and related
discussion).
Large parasitic heat losses are present along the device’s
hot and cold sides and are likely caused by the mineral-
fiber substrate. The contact area between the copper-tape
and the mineral-fiber band appears to be too large. The
mineral-fiber band has to be more slim such that the
amount of integrated copper can be reduced to minimize
this contact areas. The thermal short-circuited situation
can also be caused by the Cu-Ni alloy, which exhibits a
larger thermal conductivity compared with the fiber
Figure 11: Power factors estimated from measured isothermal spe-
cific electric resistivities and Seebeck coefficients as function of
temperature with estimated error ranges obtained from error pro-
pagation related to errors shown in Figures 9 and 10. (a) Ca3Co4O9
ceramic; (b) Cu-Ni alloy.
Table 2: Determined thermoelectric parameters of the prototype
flexible TEG for different temperature conditions.
Th/K ΔTTEG/K Tmedian/K RTEG/Ω Pel,max/nW Uoc/mV Isc=μA
   . . . .
   . . . .
   . . . .
   . . . .
Figure 12: Thermoelectric properties of the prototype flexible TEG
(four basic units, see Figure 3 for length of the device). (a) Voltage
over electric current for four different temperature conditions.
(b) Power-current characteristics for four different temperature
conditions.
Table 3: Calculated and measured temperature distributions inside
the device.
Th/K ΔTTEG/K ΔTbasicunit/K αbasicunit/μVK− 1 UOC,basicunit/mV ΔTbasicunitΔTTEG /%
   . . .
   . . .
   . . .
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substrate (see Table 1). The alloy must be the main origin
of the parasitic heat losses via thermal short circuiting.
Figure 13 illustrates the temperature distributions across
the hot and cold sides of the device relative to the hot
side temperature.
Conclusions
The prototype TEG displays flexibility that is only limited
by the applied pieces of ductile copper-tape as electric
connectors. The limiting factor for the heating of the
device is the solder, which melts between 423 and
473 K. Because of the less heat proofed Sn-Pb solder the
prototype can not be applied to temperatures above the
decomposition temperature of BiTe. Related to the other
materials in the device a reasonable temperature range
for application should be up to 890 K (degeneration
temperature of the mineral-fiber band). The solder also
limits the current because of a very high boundary resis-
tivity at the connecting regions of metallic solder and
semiconducting p-type oxide. The geometrical arrange-
ment of the applied materials provides variation of ther-
moelectric materials while maintaining the mechanical
flexibility of the TEG. Metals and alloys as well as cera-
mics can be integrated in the fabrication process. The
joining of dissimilar materials is the major concern. It is
therefore important to investigate alternatives to solder-
ing for attaching non-metallic materials to metallic con-
nectors. It is also important to investigate the use of a
solder with a higher melting point, such as a Sn-Sb
solder, to improve the thermal stability of the entire
device. To join ceramic materials to metallic connectors,
alternative solutions must be applied to avoid prepara-
tion techniques such as physical vapor deposition (PVD).
Epoxy resin including metal particles for electric conduc-
tion should be tested.
The observed parasitic heat losses are likely caused
by the large area of the copper-tape that can transport
the heat to the mineral-fiber substrate. The substrate
material should be thinner in order to decrease the
thermal conduction. To decrease the thermal losses,
the width of the substrate material must be smaller to
minimize the gap between the hot side of the generator
and the hot side of the thermoelectric junctions related
to the thermoelectric legs.
Here a symmetric approach to fabrication was used.
The legs were centered between the hot and the cold
sides of the entire device. This architecture leads to dis-
advantages for temperature distributions during working
conditions. Instead, an asymmetric architecture, in which
the legs are placed as near as possible to the hot side
using a smaller Cu connector while the Cu connector of
the cold side should exhibit a larger area to act as passive
cooling system. It is expected that constructing the flex-
ible TEG stripe in such an asymmetric fashion would
reduce the parasitic heat losses from the heat source to
the hot junction of the thermoelectric materials. For the
short piece of the presented prototype it is indeed nearly
impossible to integrate an effective heat exchanger. For
an upscaled and coiled up version of the prototype it is
Figure 13: Temperature distributions inside the TEG with displayed thermal losses for hot side Th, loss and cold side Tc, loss of the entire TEG.
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expected, that the mechanical stability suffice to place a
cooler onto the device. Another imaginable possiblity to
integrate heat exchanger are miniaturized heat-pipes that
are clamped to the electric connectors of each basic unit.
For application a thermoelectric energy harvesting device
a heat exchanger is considered to be essential.
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Abstract: A versatile finite-element simulation tool was
developed to predict the electric power output, the distribu-
tions of the electric and entropy potentials (i.e., the absolute
temperature) and the local flux densities of electric charge
and thermal energy (i.e., heat) for a thermoelectric gene-
rator. The input parameters are the thermogenerator archi-
tecture (i.e., geometries of different components and
number of legs) and material properties such as specific
electric conductivity, Seebeck coefficient and thermal con-
ductivity. The finite-element simulation tool was validated
by modeling a commercially available thermoelectric gen-
erator, which was based on semiconducting n- and p-type
Bi2–xSbxTe3 with ceramic cover plates, and comparing the
modeled voltage–current characteristics and power charac-
teristics with experimental values for different temperature
conditions. The geometric parameters could easily be deter-
mined fromphotomicrography and cross-sectional scanning
electron microscopy observations. The electric conductivity
and Seebeck coefficient were measured, as functions of
temperature, from the integer module as leg-averaged
values. The thermal conductivity was taken from literature
data, which required estimating the compositions of compo-
nents using energy-dispersive X-ray spectroscopy in the
scanning electron microscope and their crystal structures
using X-ray diffraction. Good agreement was found between
the simulated and measured voltage–current and power–
current characteristics. The finite-element simulation tool is
versatile because it uses a script-based approach, which
allows easy parameter changes and allows it to be adapted
to thermogenerators consisting of different geometries and
materials, including novel materials.
Keywords: thermoelectric generator, thermal energy,
electric energy, energy conversion, finite-element method
DOI 10.1515/ehs-2015-0001
Introduction
The development and application of thermoelectric materi-
als, for example, for harvesting electrical power from waste
heat sources, is a current field of study that requires inter-
disciplinary investigations. The implementation of newly
developed thermoelectric materials into thermoelectric gen-
erators (TEGs) benefits from modeling the thermoelectric
properties of the generators with respect to the individual
properties of the employed materials. A TEG is a device that
transfers energy from thermal (entropy) current to electric
current; see Fuchs (2010, 2014), Feldhoff (2015). Following
the concept of energy carriers as outlined by Falk,
Herrmann, and Schmid (1983), it is quite intuitive to use
the term thermal energy E; th when energy flows together
with entropy S and to use the term electric energy E; elwhen
energy flows together with electric charge q. The most
straightforward description of a thermoelectric device relies
on considering the flux densities of the aforementioned
fluid-like quantities because it links them by the respective
potentials, which are the absolute temperature T for entropy
and the electric potential ’ for electric charge. The energy
flux densities are then as follows; see Fuchs (2014), Feldhoff
and Geppert (2014b, 2014a), Feldhoff (2015):
~jE;th ¼ T ~jS ½1
~jE;el ¼ ’ ~jq ½2
The flux densities of entropy~jS and electric charge~jq in a
thermoelectric material, that is subjected to gradients of
thermal potential ~T and electric potential ~’, can be
easily obtained if a thermoelectric material tensor is con-
sidered; see Feldhoff (2015):
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~jS
~jq
 !
¼  σ  α
2 þ Λ σ  α
σ  α σ
 
 ~T~’
 
½3
The thermoelectric tensor consists of three tensorial quanti-
ties; however, these quantities are treated as scalars. These
are the specific electric conductivity σ under isothermal
conditions (i.e., ~T ¼ 0, vanishing thermal potential gradi-
ent), the specific entropy conductivityΛ under electric open-
circuited conditions (i.e.,~jq¼0, vanishing electric current),
and the so-called Seebeck coefficient α, which is defined as
entropy flow per flow of unit charge; see Fuchs (2014),
Feldhoff and Geppert (2014b, 2014a), Feldhoff (2015).
In principle, electric charge is bound to some particle
with chemical potential μ, and in the concept of com-
bined potentials, see Fuchs (2014), the electrochemical
potential ~μ ¼ μþ q  ’ is the more accurate quantity.
However, because gradients are relevant, when the che-
mical potential μ has a weak temperature dependence,
the electric potential ’ can be used as a good approxima-
tion rather than the electrochemical potential ~μ as in eqs
[2] and [3]; see Feldhoff (2015).
To construct the basic unit of a thermoelectric gen-
erator, two materials with different algebraic signs for the
Seebeck coefficient α (entropy flow per flow of unit charge)
must be thermally connected in parallel and electrically
connected in series. For α >0, the motions of thermal and
electrical fluxes are directed in the same way. In contrast,
for α<0, the thermal and electrical fluxes are directed in
opposite directions; see Feldhoff and Geppert (2014b),
Feldhoff (2015). By additively connecting several of
these basic units thermally in parallel and electrically in
series, the electric potential ’ can be increased over the
device to provide an important electric energy flux den-
sity at device output according to eq. [2]; see Feldhoff
(2015) for illustration. The choice of the thermoelectric
materials that comprise the TEG depends on the condi-
tions in which the energy conversion is to be performed.
Among the various thermoelectric materials, semicon-
ductors exhibit the best thermoelectric performance
because of their moderate charge carrier concentration,
and they provide a good balance between specific electri-
cal conductivity σ and the Seebeck coefficient α; see Ioffe
(1957). Consequently, semiconductors provide a high value
of the so-called power factor σ  α2, which is the charge-
coupled entropy conductivity and occurs as part of the
thermoelectric tensor in eq. [3]. To obtain a good TEG
performance, the combination of n- and p-type semicon-
ductors and a low-resistance electrical connection between
them realized by metals or alloys is preferred. In commer-
cially available generators, Bi2xSbxTe3-based materials
are primarily used; see Kuznetsov et al. (2002), Poudel et
al. (2008). Additionally, the geometric properties of the
materials that are combined to form the complete device
have to be optimized for every system. Finite-element
method (FEM) simulations are useful for calculating the
thermoelectric performance in terms of the used materials
and their geometric properties without constructing a real
TEG. The thermoelectric properties can be measured over
each individual material. Afterwards, the materials can be
combined in a simulated TEG system with a specific geo-
metry. Because the device does not have to be constructed,
FEM simulations provide results ecologically, flexibly and
rapidly. The objective of the present study is to demon-
strate that FEM simulations are useful for predicting the
thermoelectric properties of a TEG.
Experimental
Thermoelectric Measurement Setup
To estimate the thermoelectric characteristics of the TEG, it
was placed between a heat source (heated copper plate)
and a heat sink (water-cooled copper plate). The device
was fixed with a clamping force of 0.6 kN, as indicated by
a dynamometer. A schematic illustration of the measure-
ment setup is shown in Figure 1. To provide good thermal
surface contact, thermal grease with a specific thermal
energy conductivity of λ> 1:46WðmKÞ1 in the temperature
range of ca. 300–550 K was used as the interface material.
The temperature was monitored using thermocouples. The
voltage U ¼ Δ’ was measured as the drop of the electric
potential on the external load Rload. Due to the low internal
resistance Rmodule of the thermoelectric generator (see
Table 4), the electric current I was estimated indirectly:
I ¼ U
Rload
½4
Figure 1: Schematic illustration of the measurement setup for deter-
mining the thermoelectric characteristics of the TEG with thermal
grease as the interface material, after Hejtmanek et al. (2014).
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The electric output power Pel was estimated according to:
Pel ¼ U
2
Rload
½5
Estimation of the Geometric and
Thermoelectric Properties of the
Thermoelectric Generator
A commercially available thermoelectric generator was
purchased from Conrad Electronics SE (item number
193593–62, model number 1–7105). To construct the TEG
in the model system, the geometry of the device, includ-
ing the thermoelectric legs, the electric copper connectors
and the alumina cover plates, were determined using
the graphical tool ImageJ, which was applied to photo-
micrographs; see Schneider, Rasband, and Eliceiri (2012).
Figure 2 presents photographs of the TEG and of the
device modeled based on the estimated geometry for
each individual component.
The TEG includes 122  2 ¼ 142 legs. The space
between each pair of legs is 1 mm. Table 1 lists the
geometric properties of the TEG without considering the
tin solder. The geometric properties were estimated by
analyzing the photographs shown in Figure 2. The rele-
vant parameters are the length L of each material parallel
to the entropy flux and its cross-sectional area A. The
filling factor of the module, i.e., the ratio of thermoelec-
tric active to inactive areas, is equal to 32%. For the
copper connectors and alumina cover plates, the values
for the specific resistivity ρ and specific thermal energy
(heat) conductivity λ were taken from the literature; see
Lide (2008). For the thermoelectric Bi2xSbxTe3 materials,
the specific thermal energy (heat) conductivity λ was also
taken from the literature; see Kim et al. (2012). The
Figure 2: Photographs of the TEG for estimating the geometrical parameters and display of the modeled device; (a) inner top view of the
TEG, (b) side view of the TEG, (c) modeled device with n- and p-type thermoelectric material and electric copper connectors, (d) modeled
device with Al2O3 cover plates.
Table 1: Measured geometric properties of the TEG.
Component Material L/mm A=mm2 ρ=Ωm λ=WðmKÞ1 Λ=Wm1K2
TE leg(n,p) Bi2xSbxTe3 . . see Table  . ·−
Electric connector Cu . . .·−  .
Cover plates Al2O3 .  ·

. .·−
Notes: Length L of material and cross-sectional area A. The specific thermal energy resistivity ρ and specific thermal energy (heat) conductivity λ were
taken from the literature as indicated in the text. The specific entropy conductivity λ was estimated according to eq. [6]. All data refer to a medial
temperature of 350 K.
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temperature-averaged values for the specific entropy con-
ductivity Λ in Table 1 were calculated for a medial tem-
perature of 350 K according to:
λ ¼ T  Λ ½6
The specific electrical resistivity ρ ¼ 1σ of the thermoelec-
tric material is the reciprocal of the specific electrical
conductivity σ, and it was estimated under the tempera-
ture drops listed in Table 4. The systematic error, which
results from the deviation from isothermal conditions (i.e.
T ¼ 0) according to requirements of eq. [3], however, is
assumed to be small.
The Seebeck coefficient α was experimentally deter-
mined under electric open-circuited conditions (i.e.~jq¼0),
for which eq. [3] provides:
α ¼ 
~’
~T
 
Δ’
L
 
ΔT
L
  ¼ Δ’
ΔT
½7
As expressed by eq. [7], for balanced gradients of potentials
referring to a sample of length L, the gradients  can be
substituted by the drops Δ of potentials along this length.
Microstructure Analysis
A basic unit was cut from the thermoelectric generator and
polished using diamond-lapping films (Allied High Tech
Multiprep) for field-emission scanning electron microscopy
(FE-SEM) investigations using a JEOL JSM-6700F, which
was equipped with an Oxford Instruments INCA 300
energy-dispersive X-ray spectrometer (EDXS) for elemental
analysis. The phase composition of the bulk n- and p-type
Bi2xSbxTe3-legs was analyzed by X-ray diffraction (XRD)
using a Bruker D8 Advance with Cu-Kα radiation. The legs
were isolated from the TEG and prepared for XRD measure-
ments by pressing the ductile material onto the sample
holder to increase the detectable area of the samples. This
preparation approach caused an orientation in the crystal
structure, which was considered in the analysis of the dif-
fraction data. The XRD measurement results were analyzed
using the Rietveldmethod as implemented in Topas 4.2. The
reference data for the structure analysis were taken from the
Inorganic Crystal Structure Database (ICSD).
Finite-Element Simulations
Using a script-based input process referring to the
Analysis System (ANSYS), changes in thermoelectric
properties as a result of changing material parameters,
such as the composition and geometry of the considered
materials, and the number of legs can be rematched very
easily. The used ANSYS version is 15.0 academic. The
script-based input tool uses the ANSYS Parametric
Design Language (APDL). The simulation process can be
separated into three basic steps: preprocessing, solving
and postprocessing. During the preprocessing step, the
geometric properties are created, the material’s properties
are set, the model is meshed and additional conditions
are defined. Meshing determines the number of elements
of the model and their nodes. The accuracy is given by
the network’s density. After the preprocessing is com-
plete, solving of the grid points is executed. During the
postprocessing step, the results are exported as plots,
tables or figures. In this work, as mentioned in Section
“Estimation of the Geometric and Thermoelectric
Properties of the Thermoelectric Generator”, a commer-
cially available TEG was measured to estimate the aver-
age data for the thermoelectric properties and to evaluate
a model system created using the FEM simulation tool.
The modeled device consists of 72048 elements. Each
thermoelectric leg is build up by 36 elements (total num-
ber of elements for the thermoelectric legs is 5,112) while
each electric copper connector contains 220 elements
(total number of elements for the electric copper connec-
tors is 31,460). Each alumina cover plate consists of
17,138 (total number of elements for the alumina cover
plates is 35,476). The non-linear solution converged after
equilibrium iteration 2.
Results and Discussion
Microstructure of Materials
To estimate the elemental composition of the thermoelec-
tric materials using the EDXS method in the FE-SEM, a
two-leg fragment was cut from the TEG and polished. The
SEM micrograph in Figure 3(a) shows the thermoelectric n-
and p-type Bi2xSbxTe3, the electric copper connectors and
the alumina cover plates. The geometrical parameters are
the same as those obtained from the photomicrograph of
Figure 2(a), (b). Figure 3(b)–(f) shows the EDXS elemental
distribution in the device by bright contrast.
Figure 4 presents the EDX spectra of the n- and
p-type material (areas of analysis are marked in
Figure 3(a)). The EDXS analysis does not detect any
amount of antimony inside the n-type thermoelectric
semiconductor. However, Kouhkarenko et al. (2001)
reported that doping with a certain amount of antimony,
approximately 25 at.% in the bismuth telluride structure,
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leads to an improvement in the Seebeck coefficient α of
the n-type thermoelectric material. The thermoelectric
properties of Bi2xSbxTe3 are also influenced by the
ratio of (Bi,Sb) and Te; see Fleurial et al. (1988). The
ideal ratio for a stoichiometric composition ðBi; SbÞ2Te3
is ðBi;SbÞTe ¼ 23¼ 0:667. Within the accuracy of quantitative
EDXS, both materials (n-type and p-type) match this
value, which supports the assumption that the materials
have been made according to the strategy described by
Kouhkarenko et al. (2001).
The composition of the analyzed materials of the TEG
is as expected. As indicated by the XRD pattern in
Figure 5, the structure is preferentially orientated with
the c-axis perpendicular to the sample holder, which is
confirmed by the appearance of lattice reflections from
the (0 0 l) planes with l ¼ 9, 12, 15 (main reflection), 18,
and 21. Furthermore, reflections from the (1 0 l) planes
with l ¼ 10, 13, 25, 28 are present, which, however,
indicates only a slight tilt away from the c-axis. For
refinement of the crystal structure, the preferred orienta-
tion resulting from the preparation (pressing of ductile
material onto the sample holder) has to be considered.
Because of the considerable amount of the Sb in the
p-type material, the lattice parameters for this composi-
tion are smaller than those for the n-type material. The
radii for structure-building elements can be extracted
from Shannon (1976). With a medial coordination number
of 6, it is 76 pm for Sb3þ, 103 pm for Bi3þ, and 221 pm for
Te2. For the n-type material, which contains only Bi on
the cationic site, the diffraction data were fitted to the
Figure 3: Side view of basic unit of the TEG exhibiting p- and n-type thermoelectric legs; (a) secondary electron micrograph, (b) Bi-M,
(c) Sb-L, (d) Te-L, (e) Al-K, (f) Cu-K. Rectangularly marked areas in (a) refer to EDX spectra shown in Figure 4.
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reference structure of Bi2Te3. For the p-type material,
which contains a large amount of Sb on the cationic
site, the diffraction data were fitted to the reference
structure of Sb2Te3. The lattice parameters that were
calculated by fitting the diffraction data to the aforemen-
tioned reference structures are listed in Table 2.
The results for the atomic positions considering the
goodness of the Rietveld fit are listed in Table 3. The
coordinates x ¼ 0 and y ¼ 0 are fixed. The goodness
of fit (GOF) is expressed by the R-weighted pattern Rwp
and R-expected Rexp. For the fit criteria used in Topas 4.2
see Young (1993).
Thermoelectric Investigations
To estimate the thermoelectric properties of the TEG, the
measurement data were analyzed and the average values
for the specific electrical conductivity σ (T), the Seebeck
coefficient α (T) from the thermovoltage U(T) and the
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Figure 4: EDX spectra of n- and p-type thermoelectric legs according to the rectangular areas marked in Figure 3(a).
Figure 5: Scanned (black curve) and refined (red curve) X-ray diffraction data with difference curve (light gray); (a) n-type Bi2Te3, (b) p-type
Sb2xBixTe3.
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temperature difference ΔT for the thermoelectric materi-
als were calculated. The electronic and thermal quantities
for copper and alumina were taken from Lide (2008) and
are presented in Table 1. A summary of the electronic,
thermal and thermoelectric parameters of the thermoelec-
tric materials is given in Table 4. The specific resistivities
ρleg of the legs were estimated from the absolute resistiv-
ity of the complete device Rmodule by considering the
number of thermoelectric legs and their geometry. The
Seebeck coefficient αleg was estimated from the open-
circuit voltage UOC according to eq. [7]. Because the coef-
ficient was averaged over all integrated legs, the same
absolute values for n- and p-type legs are obtained, and
the Seebeck coefficient becomes αleg. The maximum
electric current ISC under electric short-circuited condi-
tions (i.e. U ¼ Δ’ ¼ 0) and the maximum electric output
power Pmax are listed. All quantities are related to the
established temperature drops ΔT and the medial tem-
perature of the device Tmedial.
To determine the thermoelectric parameters of the
device, five temperature differences ΔT were established,
which are indicated in Table 4 and Figures 6 and 7.
Figure 6 shows U–I curves with good agreement between
the FEM simulation (solid line) and measurement (data
points) for all temperature conditions. Note, that the
slope of the lines refers to the internal resistance
Rmodule, as indicated in Table 4. The electric output
power Pel was estimated in terms of different load resis-
tivities Rload. Figure 7 shows good agreement between the
experimental Pel  I curve (data points) and the FEM
simulation (solid line).
The results of the thermoelectric behavior can be
shown in a vectorial plot that refers to the density of
transported quantities, the thermal energy flux density
~jE;th and the electric flux density~jq. Figure 8 shows the
results of the FEM simulation of the properties of the
TEG’s components at the maximum electric power output
for a chosen temperature difference of 58 K. The colors of
Table 2: Lattice parameters and unit cell volumes obtained from the Rietveld refinement and comparison to
references. The space group, No. 166, is represented in hexagonal axes.
Stoichiometry Description Space group a=Å c=Å Vcell=Å
3
Bi2Te3y Measured (n-type) R93mH . . .
Bi2Te3 ICSD:  R93mH . . .
Sb2xBixTe3y Measured (p-type) R93mH . . .
Sb2Te3 ICSD:  R93mH . . .
Table 3: Atomic positions and goodness of fit for the Rietveld refinement of the X-ray diffraction data presented
in Figure 5. The coordinates x ¼ 0 and y ¼ 0 are fixed.
Description Atom Site z coordinate ICSD z coordinate Rietveld Rwp Rexp GOF
n-type Bi  c . . . . .
Te  a . .
Te  c . .
p-type Sb  c . . . . .
Te  c . .
Te  a . .
Table 4: Determined thermoelectric parameters of the TEG (complete device) and single legs for different
temperature conditions.
Thot=K ΔT=K Tmedial=K Rmodule=Ω ρleg=μΩ m αleg=μV  K1 Pmax=mW UOC=mV ISC=mA
   . .  142.18 .  .
   . .  158.53 .  .
   . .  144.05 .  .
   . .  131.55 .  .
   . .  107.80 .  .
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the vectors refer to the local value of the density of the
transported quantity, which is in indicated in the legend.
The flux densities of thermal energy ~jE;th and electric
charge~jq depend on the material of the TEG’s components
and on the local potential gradients according to the poten-
tial distributions of Figure 9. The Al2O3 cover plates are not
displayed but the flux densities at their location are. From
Figure 8(a), it is clear that the thermal power density~jE;th is
distinctly smaller in the region of the Al2O3 cover plates
(4W=m2) than in the copper connectors (2 4  104W=m2)
or the thermoelectric Bi2xSbxTe3 legs (4 5  104W=m2).
Due to the extremely high electric resistivity of the Al2O3
cover plates (see Table 1), the electric current density ~jq
vanishes at their location. In the copper connectors, it
amounts to ~jq ¼ 1  1017  2  105A=m2 with strong local
variation, and it is highest in the thermoelectric legs
(2  105A=m2). Note that fluxes of thermal energy and elec-
tric charge are co-aligned in the case of p-type legs and
counter-aligned in the case of n-type legs.
Figure 9(a) shows the distribution of the entropy
potential T, obtained from the FEM simulation and a
cross-section of the TEG at maximum electric power out-
put for a potential drop of ΔT ¼ 58K. Figure 9(b) shows
the respective distribution of the electric potential
U ¼ Δ’ along the electric serial connection of the
assembled thermoelectric legs and copper connectors
inside the module. When the potential at the electric
input is at ground (i.e. ’ ¼ 0), it continuously increases
along the chain to be ’ ¼ 571mV at the electric output.
Note that this value is identical to the voltage at the
electric power maximum (from Figure 7) in Figure 6 for
the same temperature drop. The modeling of TEGs using
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Figure 6: Comparison of measured (dots) and simulated (lines)
decrease in voltage over electrical current in terms of load resis-
tance RL and temperature difference ΔT .
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Figure 8: Flux densities of transported quantities with an established
temperature difference of 58 K for conditions of maximum electric
power output. (a) thermal energy flux density ~jE;th, (b) electric flux
density~jq.
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the FEM method has the advantage of providing deep
insight into the distribution of all relevant quantities
throughout the entire module.
The results from the finite-element simulation illus-
trate the relation between the entropy potential T and
electric potential ’, which is given algebraically in
eq. [3] by the respective gradients, and the obtained
flux densities~jE;th (see eq. [1]) and~jq.
Conclusions
The model thermoelectric system created from the finite-
element simulation provides results with acceptable
accuracy. The latter is estimated from the good agree-
ment between simulation and experimental data in the
case of voltage–electric current (U  I) curves and elec-
tric power–electric current (Pel  I) curves for different
temperature situations. Deep insights into the local varia-
tions of the relevant thermoelectric parameters can be
obtained from this type of modeling. Overall, the devel-
oped model system can predict the thermoelectric proper-
ties of a certain TEG quite well if the proper parameters
for feeding the simulation tool are selected. Work on
thermoelectric materials and systems benefits from the
use of FEM simulations to check the properties before
constructing a device. The properties of the regarded
systems can be varied very easily, thus making FEM
tools a very flexible possibility for predicting the power
characteristics of a thermoelectric device in terms of the
requirements for its application.
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Simulations of a Thermoelectric Generator with
Ceramic p-type Ca3Co4O9 and Metallic n-type
Cu0.57Ni0.42Mn0.01 legs
Benjamin Geppert, Dennis Groeneveld, Michael Bittner and Armin Feldhoff
This study presents the characterisation of a prototype thermoelectric generator including ceramic
Ca3Co4O9 p-type and metallic Cu0.57Ni0.42Mn0.01 n-type legs. The generator was constructed ap-
plying the conventional rigid chessboard design, which provides an electrical series connection
of the thermoelectrically active materials in between of two electrical isolating cover plates made
of alumina. Ag-epoxy resin was used for electric connectors which were directly bonded to the
thermoelectrically active materials. The generator was rebuild in the framework of a finite-element
model to simulate the generator’s transport characteristics using the physical data of the single
materials as input parameters for the simulation tool. The simulation results give a view to the
distributions of temperature and electric potential as well as vector plots showing the generated
current density of charge inside the regarded materials. The finite-element simulation tool was
used to consider the electrical contact resistivities between the thermoelectric legs and the con-
nector material. The input parameter for the specific isothermal electric resistivity of the Ag-epoxy
connectors were varied by including the electrical contact resistances to match the simulated to
the measured data in order to receive the correct electric current densities in the modeled device.
Introduction
The development and application of thermoelectric materials, for
example, for harvesting electrical power from waste heat sources,
is a current field of study that requires interdisciplinary inves-
tigations. The implementation of newly developed thermoelec-
tric materials into thermoelectric generators (TEGs) benefits from
modeling the thermoelectric properties of the generators with re-
spect to the individual properties of the employed materials. A
TEG is a device that transfers energy from thermal (entropy) cur-
rent to electric current1–3. The concept of energy carriers4 en-
ables an elegant description of a thermoelectric device, which re-
lies on considering the flux densities of the aforementioned fluid-
like quantities entropy S and electric charge q and their linkage to
the conjugated potentials, which are the absolute temperature T
and the electric potential φ, respectively. The currents of thermal
energy (heat) and electric energy are then obtained as already
shown2,3,5,6. Taking the cross-sectional areas Aleg and the length
Lleg of the thermoelectric material samples into account, the cur-
rents of entropy IS and electric charge Iq in a thermoelectric ma-
terial, that is subjected to differences of thermal potential ∆T and
electric potential ∆φ, can be easily obtained if a thermoelectric
material tensor is considered3:
(
IS
Iq
)
=−Aleg
Lleg
·
(
σ ·α2+Λ σ ·α
σ ·α σ
)
·
(
∆T
∆φ
)
(1)
The thermoelectric tensor consists of three tensorial quantities,
the specific electrical conductivity σ under isothermal conditions
(i.e., ∇T = 0), the specific entropy conductivity Λ under electric
open-circuited conditions (i.e., Iq = 0) and the Seebeck coefficient
α. Special cases that can be received under certain conditions of
Equation 1 were elucidated2,3,5,6.
The basic unit of a thermoelectric generator can be constructed
by connecting two materials with different algebraic signs for the
Seebeck coefficient α thermally in parallel and electrically in se-
ries. For α < 0, the motions of thermal and electrical fluxes are
directed in the same way. In contrast, for α > 0, the thermal and
electrical fluxes are directed in opposite directions5. By additively
connecting several of these basic units thermally in parallel and
electrically in series, the electric potential φ can be increased over
the device3 for illustration. The choice of the thermoelectric ma-
terials that comprise the TEG depends on the conditions under
which the energy conversion is to be performed.
Among the various thermoelectric materials, semiconductors
exhibit the best thermoelectric conversion efficiency because of
their moderate charge carrier concentration, and they provide a
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good balance between specific electric conductivity σ , the See-
beck coefficient α and the thermal conductivity7. Alloys pro-
vide high values of the so-called power factor σ ·α2, which is
the charge-coupled entropy conductivity and occurs as part of the
thermoelectric tensor in Equation 1. Consequently, alloys and
semiconductors are chosen as thermoelectrically active materi-
als. To obtain a good TEG performance, the combination of n-
and p-type materials and a low-resistance electrical connection
between them realized by metals or alloys is preferred. In case
of the present study, a composite connector material, Ag-epoxy
resin, was used.
Additionally, the geometric properties of the materials that are
combined to form the complete device have to be optimized for
every system. Finite-element method (FEM) simulations are use-
ful for calculating the thermoelectric performance in terms of the
used materials and their geometric properties without construct-
ing a real TEG. The thermoelectric properties can be measured for
each individual material. Afterwards, the materials can be com-
bined in a simulated TEG system with a specific geometry. The
absolute currents I are correlated to the current densities j con-
sidering the cross-sectional areas of the thermoelectric material
legs Aleg, as shown in Equation 2 and 3.
IS = Aleg · jS (2)
Iq = Aleg · jq (3)
Under electric open-circuit conditions, Equation 1 yields the en-
tropy current IS through the thermoelectric material by Fourier’s
law:
IS =−
Aleg
Lleg
·Λ ·∆T (4)
The specific entropy conductivity Λ is related to the specific
heat conductivity λ by the absolute working temperature T 1–3.
λ = T ·Λ (5)
Under isothermal conditions, Equation 1 yields the electric cur-
rent Iq through the thermoelectric material by Ohm’s law:
Iq =−
Aleg
Lleg
·σ ·∆φ (6)
Experimental
Thermoelectric measurement setup
To characterise the thermoelectric properties of the materials, the
temperature-dependent isothermal specific electric resistivity and
the Seebeck coefficient, as estimated from the thermovoltage,
were measured. A precision vertical diamond wire-saw model
3242 from O’WELL was used for sample preparation. Thermo-
electric properties were measured using a measurement cell con-
structed in-house. The sample was clamped between two plat-
inum electrodes to close the electric circuit in a pseudo-four-point
measurement. The applied furnace was an ELITE thermal system.
The Seebeck coefficient was measured using a NORECS Probostat
measurement system. The electronic parameters were measured
with KEITHLEY 2100 6 12 digit multimeters. The measured data
were converted using LAB VIEW software.
To estimate the thermoelectric characteristics of the constructed
TEG, it was placed between a heat source (ceramic hot-plate) and
a heat sink (passive cooler). A photomicrograph of the measure-
ment setup is shown in Figure 1.
Fig. 1 Photomicrograph of the measurement setup for determination of
the thermoelectric characteristics of the constructed TEG. Note that the
p-type ceramic material is integrated as rectangular bars while the n-type
wire material exhibits the form of a cylinder.
The temperature data were collected using thermocouples. The
voltage ∆φ was measured as the drop of the electric potential
on the external load Rload . The electric output power Pel was
estimated according to:
Pel = Iq ·∆φ (7)
The resistivity of the thermoelectric generator was estimated by
analysing the electric current-voltage characteristics using Ohm’s
law for the entire device (see Equation 6 for the corresponding
relation for single materials).
∆φ = RTEG · Iq (8)
Microstructure analysis
The phase composition of the metallic n-type and ceramic p-type
materials was analyzed by X-ray diffraction (XRD) using a Bruker
D8 Advance with Cu-Kα radiation. The thermoelectric bulk ma-
terials were polished using diamond-lapping films (Allied High
Tech Multiprep) for field-emission scanning electron microscopy
(FE-SEM) investigations using a JEOL JSM-6700F, which was
equipped with an Oxford Instruments INCA 300 energy-dispersive
X-ray spectrometer (EDXS) for elemental analysis.
Materials choice
The p-type leg material was realized by applying ceramic
Ca3Co4O9. This layered cobaltite phase exhibits an incommensu-
rate structure and provides attractive thermoelectric properties8.
Measured thermoelectric parameters for polycrystalline samples
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from various laboratories were assembled9. Single crystals of
Ca3Co4O9 exhibit a figure of merit ZT = 0.83 at 973 K10. The
high charge carrier density around room temperature makes the
Ca3Co4O9 ceramic also usable as thermoelectric material for low-
and intermediate-temperature devices.
As n-type material a Cu-Ni based alloy was used. For energy con-
version in the intermediate temperature range such metallic com-
pounds show useful properties. The electric resistance is very
low and the value for the Seebeck coefficent is acceptable. That
makes such alloys the material class reaching highest values of the
power factor. We already used this material combination for the
construction of flexible thermoelectric generators11. Measured
thermoelectric properties were summarized in round-robin mea-
surements and reported12,13.
The series connection of n- and p-type legs of the generator was
realized using Ag-epoxy resin as electrical conductive glue. The
bulk resistivity was reported with a value of 0.9 mΩ cm−1.
Fig. 2 View on the constructed and modeled thermoelectric device. a)
Side-view of constructed TEG, b) Side-view of modeled device, c) Per-
spective view of modeled device, d) Top-view on modeled device.
Table 1Measured geometric properties of the TEG’s components: length
L and cross-sectional area A of applied material. The fill-factor of the TEG
exhibits a value of 7.5 %.
component material L / mm A / mm2 description
p-type leg Ca3Co4O9 10.0 3.23 house-made ceramic
n-type leg Cu0.57Ni0.42Mn0.01 10.0 0.79 commercial alloy
el. connector Ag-epoxy resin 0.44 5.32 commercial composite
cover plates Al2O3 3.8 225 commercial ceramic
For the cover plates, commonly used Al2O3 was applied.
Finite-element simulations
In this work, a prototype thermoelectric generator was con-
structed and rebuild in the FEM tool using ANSYS Mechanical
APDL version 15.0 academic. The specific resistivity of the Ag-
epoxy resin was adapted in the simulation to match the measured
transport properties and to obtain the correct electric currents in
the modeled device. The model consists of 14268 elements. Each
thermoelectric p-type leg is build up from 48 elements (total num-
ber of p-type material elements for the thermoelectric legs is 192)
while the total number of elements for the electrical Ag-epoxy
connectors is 2964. Each alumina cover plate consists of 1482
elements. The non-linear solution converged after 5 equilibrium
iteration. The constructed and modeled device is presented in
Figure 2. The geometric parameters of applied materials, that are
input parameters for the FEM tool, are listed in Table 1.
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Results and discussion
Microstructure of materials
The crystallographic phases of the sintered p-type Ca3Co4O9 ce-
ramic and the n-type Cu0.57Ni0.42Mn0.01 alloy were confirmed
by Rietveld refinement of measured X-ray diffractograms. The
diffractograms (blue curves) of the thermoelectric materials are
presented in Figure 3 together with the Rietveld fits (red curves).
Fig. 3Measured X-ray diffractograms (blue curves) with Rietveld fits (red
curves) and differencial curve (grey curves). a) p-type Ca3Co4O9 ceramic,
b) n-type Cu0.57Ni0.42Mn0.01 alloy. The counts are presented as square-
root values.
Fig. 4 Secondary electron micrograph of the vibration-polished p-type
Ca3Co4O9 ceramic material.
Ca3Co4O9 crystallizes in the monoclinic system and exhibits
the Cm symmetry for both sybsystems (b1,b2). Cu0.57Ni0.42Mn0.01
crystallizes in the cubic system exhibiting the spacegroup Fm3¯m.
The p-type Ca3Co4O9 ceramic was vibration-polished to estimate
the arrangement of plate-like grains inside the bulk material. In
Figure 4, a secondary electron micrograph of the ceramic material
is presented. The black areas are internal pores.
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Thermoelectric investigations
Table 2 lists measured or reported values for the transport
properties of each material that was applied in the generator.
The electronic and thermal quantities for the Al2O3 plates
and for the Ag-epoxy resin were taken from manufacturers
data. To estimate the thermoelectric properties of the TEG, the
device was characterized in the setup shown in Figure 1. The
temperature-dependent resistivity of the entire device RTEG was
estimated by applying Ohm’s law (Equation 8) to the TEG’s
measurement data. In Table 3 the values for the determined
contact resistances are listed together with the maximum electric
current Iq,SC under electric short-circuit conditions (i.e. ∆φ = 0),
the open-circuit voltage ∆φOC (i.e. Iq = 0) and the maximum
electric output power Pel,max. All quantities are related to the
established temperature drops ∆T and the median temperature
of the device Tmedian.
The FEM simulation resulted in accurate values for the open-
circuit voltage ∆φOC (device Seebeck-voltage) but in too high
values for the short-circuit electric current Iq,SC. This make the
calculated values for the resistivity of the generator too low and
the electric output power too high. The reason for the FEM
solutions to be inaccurate is seen in contact resistivities between
the Ag-epoxy resin and the thermoelectrically active materials.
Table 2 Determined or reported thermoelectrical parameters of applied
materials. Simulation A assumes vanishing contact resistances and Sim-
ulation B accounts for non-vanishing contact resistances by considering
them by varying the effective resistance ρ of the connector material.
T ρ α λ Λ
material / K / mΩ · cm / µV ·K−1 / W ·m−1 ·K−1 / W ·m−1 ·K−2
Ca3Co4O9 363 59.21 147.39 0.62 1.7 ·10−3
403 49.93 154.95 0.59 1.5 ·10−3
443 36.58 162.53 0.57 1.3 ·10−3
478 32.66 169.12 0.57 1.2 ·10−3
Cu0.57Ni0.42Mn0.01 300-500 4.7 · 10−2 -40 23 7.7 ·10−2
Al2O3 plates 300 1 · 1017 n.a. 30 1 ·10−1
Ag-epoxy resin 300 0.9 n.a. 1 3.3 ·10−3
(Simulation A)
Ag-epoxy resin 363 2.55 ·103 n.a. 1 2.8 ·10−3
(Simulation B) 403 1.65 ·103 n.a. 1 2.5 ·10−3
443 5.10 ·102 n.a. 1 2.3 ·10−3
478 4.30 ·102 n.a. 1 2.1 ·10−3
Table 3 Estimated thermoelectric parameters of the constructed TEG for
different temperature conditions.
Thot ∆T Tmedian RTEG Pel,max ∆φOC Iq,SC Rcontact
/ K / K / K / Ω / µW / mV / mA / Ω per contact
389 60 363 415.24 0.93 39.4 0.09 22.66
441 80 403 250.36 2.90 53.9 0.22 19.12
492 100 443 74.50 16.54 70.2 0.94 3.89
536 120 478 63.93 32.52 91.2 1.43 3.33
In order to match the characteristics of the real constructed
TEG to the modeled device in the FEM tool, the specific electric
resistivity of the Ag-epoxy resin was refined by the implementa-
tion of the magnitude of the contact resistances into the values
of the specific resistivity of the connector material. The values of
the resistivity of the electric connector material was varied until
the Ohm-lines of the FEM simulation fitted the measurement data
points. In the framework of thermoelectric generator fabrication
the formation of contact resistances is a major concern and effect
the thermoelectric properties of a certain device on a large scale.
The modification of interfaces in thermoelectric generators is an
extensive field of study. Material and generator efficiency were
compared and it was shown, that the efficiency can decrease up
to 59 % comparing the single thermoelectric materials and the
entire assembled systems14. The Ca3Co4O9-related oxide-metal
interfaces were studied15. Figure 5a shows ∆φ − Iq curves with
bad agreement of the FEM Simulation A, that do not consider
the electrical contact resistances (dotted lines), and good agree-
ment of the FEM Simulation B, that do consider the electrical con-
tact resistances (solid lines) with the measurement (data points)
for all temperature conditions. Note, that the slope of the lines
refers to the internal resistance RTEG, as indicated in Table 3 and
4. The electric output power Pel was estimated in terms of dif-
ferent load resistivities Rload . The electrical contact resisistances
limit the magnitude of the electric current inside the device and
therefore the electric power output. The power characteristics of
measured data and FEM results of simulation B are displayed in
Figure 5b.
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Fig. 5 Measured (dots) and simulated (lines) results for the thermoelec-
tric characteristics of the constructed TEG. a) Electric voltage-current
∆φ-Iq characteristics of the measured data and the FEM simulation A
(dashed lines) and simulation B (solid lines), b) Electric power-current
Pel -Iq characteristics for measured data and the FEM simulation A and B.
For better comparison, the values are plotted logarithmically.
Table 4 Thermoelectric parameters of the modeled TEG for Simulation A
and Simulation B.
Simulation A Simulation B
Thot ∆T Tmedian RTEG Pel,max ∆φOC Iq,SC RTEG Pel,max ∆φOC Iq,SC
/ K / K / K / Ω / µW / mV / mA / Ω / µW / mV / mA
389 60 363 7.33 37.01 40.4 5.32 355.85 1.15 40.5 0.11
441 80 403 6.11 123.31 53.9 8.82 231.66 3.43 56.4 0.24
492 100 443 4.53 280.01 73.3 15.3 74.31 18.17 73.5 0.98
536 120 478 4.04 467.13 91.0 21.1 62.89 33.12 91.3 1.45
The simulation results are presented as contour-plots for the
potential distributions and as vectorial plots that refer to the den-
sity of electric current jq in simulation A and simulation B. The
colors of the vectors refer to the local value of the flux density of
the transported quantity, which is indicated in the legend. Fig-
ure 6a shows the distribution of the entropy potential T , ob-
tained from the FEM simulation and a perspective view of the
TEG at maximum electric power output for a potential drop of
∆T = 120 K. The situation of temperature distribution is equal for
simulations A and B. Figure 6b shows the respective distribution
of the electric potential ∆φ along the electrical serial connection
of the assembled thermoelectric legs and electric connectors (Ag-
epoxy resin) inside the thermoeletric generator. The displayed
simulation results of the TEG are related to the conditions of elec-
tric power maximum (from Figure 5b) for a temperature drop of
120 K. The flux density of electric charge jq depends on the mate-
rial of the TEG’s components and on the local potential gradients
according to the potential distributions shown in Figure 6a,b. The
modeling of TEGs using the FEM method has the advantage of
providing deep insight into the distribution of all relevant quan-
tities throughout the entire device. From Figure 6c,d, it is obvi-
ous that the electric current density jq inside the entire arrange-
ment of materials is much smaller than predicted by simulation
A. Therefore, the electric power output predicted by simulation
A is more than 10 times higher compared to the electric power
received by simulation B and the experiment. In the metallic
Cu0.57Ni0.42Mn0.01 legs the electric current density is more than
3 times lower in simulation B compared to the results of sim-
ulation A. Varying the specific electric resistivity of the electric
connector Ag-epoxy resin, by taking the contact resistances into
account, results in the correct densities of electric current inside
each material. The contact region of the Ag-epoxy resin and the
thermoelectric materials limit the electric current density inside
the entire generator because electric contact resistances between
the connector material and the thermoelectric legs are formed.
The results from the finite-element simulation illustrate the re-
lation between the entropy potential T and electric potential φ,
which is given algebraically in Equation 1 by the respective distri-
bution of potentials, and the obtained electric current Iq.
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Conclusions
The model thermoelectric system created from the finite-element
simulation provides results with acceptable accuracy in terms
of the values for the open-circuit voltages. The simulation
for the current densities and therefore for the electric power
output of the generator was predicted with too high values.
The overestimation of the electric current density is based on
the formation of contact resistivities that were formed at the
material boundaries of the Ag-epoxy resin as electric connector
and the thermoelectrically active materials. Those contacts in
TEG devices can be realized by different materials.
Fig. 6 Simulated results for the thermoelectric characteristics of the con-
structed TEG. a) Temperature distribution for ∆T = 120 K for simulation A
and B, b) distribution of electric potential along the electric series connec-
tion of TE legs for electric open-circuit conditions (nearly equal values for
simulation A and B), c) electric current density jq for simulation A, d) elec-
tric current density jq for simulation B. Note that the current densities for
simulation A and simulation B are correlated to the same color-related
legend and refer to electric maximum power condition. For comparison
of temperature related quantities see Table 4.
The Ag-epoxy resin exhibits good properties in terms of proces-
sibilty and mechanical fixation. The adhesive is more heat proved
than Sn-Pb based solders. However, the contact resistances in
thermoelectric generators are an important concern. Using the
finite-element simulation tool, the quantitative electrical contact
resistances could be determined. Work on thermoelectric materi-
als and systems benefits from the use of FEM simulations to com-
pare the properties of the modeled and the measured device to
gain knowledge on the factors that limit the electric power out-
put of a certain thermoelectric generator.
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After including the contact resistances into the electric resis-
tivities of the connector material a good match of measured and
simulated data were obtained. The Ag-epoxy resin was used as
an alternative to soldering that can also exhibit high contact re-
sistivities when ceramic materials are applied. The used ther-
moelectric materials are p-type Ca3Co4O9 ceramic and n-type
Cu0.57Ni0.42Mn0.01 alloy. The FEM simulation was used to esti-
mate the limiting factor in terms of electric power output. The
theoretical maximum power was calculated to almost 500 µW
with a temperature difference of ∆T = 120 K, while the measured
maximum electric power output for the same temperature condi-
tions was only 32.5 µW. The FEM results show that a minimiza-
tion of the contact resistances in TEG devices can dramatically
increase the electric output power. At lower temperatures the
Ca3Co4O9 ceramic provides a charge carrier density that is usable
also in devices for low-temperature applications. Deep insights
into the local variations of the relevant thermoelectric parame-
ters can be obtained from this type of FEM modeling. Overall, the
developed model system can predict the thermoelectric properties
of a certain TEG quite well if the proper parameters for feeding
the simulation tool are selected.
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4 Conclusions
The presented studies range from solid state chemistry to frabricational engineer-
ing. In terms of thermoelectric material research high-conversion efficiency and
high-power materials have to be regarded separately. The postulations worked out
by Dario Narducci [14] were confirmed. The role of the thermal conductivity has to
be set in a new light. The thermoelectric community is engaged to increase the figure
of merit ZT and therefore the thermoelectric conversion efficiency of novel materi-
als. Usually, it is attempt to minimize the thermal conductivity in order to reach
higher ZT -values. But, considering infinite heat sources, the electric power output
of a certain thermoelectric generator can be increased by decreasing the conversion
efficiency. Instead of ZT , the power factor has to be maximized and the heat conduc-
tivity has to be adjusted at an optimized value. With such approaches in material
creation a larger amount of electrical power can be harvested at lower conversion
efficiency. Furthermore, composite materials were synthesised as a method alterna-
tive to doping. The theoretical description of thermoelectric composite properties
were carried out. The equation contain the single-phase thermoelectric properties
and the composite property concerning the percolation network.
The commercially available Bi-Sb-Te-based materials exhibit the best conversion ef-
ficiency but the electric output-power is limitted by the low thermal conductivity.
Furthermore, these telluride-materials are expensive and exhibit a low chemical and
thermal stability at intermediate temperatures (T > 500 K). Metallic alloys and
ceramic materials show advantageous properties for thermoelecric energy conver-
sion at higher temperatures. But, also for temperatures around room-temperature,
materials alternative to the expensive Bi-Sb-Te-compounds should be applied and
improved. In general, the thermal conductivity of composite materials is expected
to decrease compared to the single-phase materials. But the thermal transport prop-
erties have to be determined for each novel material.
I expect that the role of the thermal conductivity in the framework of thermoelectric
materials will be set in a new light. The parameters to be adjusted depend on the in-
tended application related to the temperature conditions at the place of installation.
The system research concerning entire thermoelectric devices revealed, that the ma-
jor concern is contacting the thermoeletric materials electrically. Even if the single-
phase properties are known, the created contacts show unidentified properties that
have to be determined for each system. To decrease parasitic losses at the interfaces
various electric connector material (Au paste, Sn-Pb solder and epoxy-based Ag-
adhesive) were tested in terms of electrical and mechanical contact properties. The
devices were contructed in the commonly used rigid chess-board design and as flex-
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ible stripe-TEGs. For upscaling such devices, the flexible (coilable) system is seen
as better design. Using oxide-materials as thermoelectrically active legs, the con-
struction of generators for application in the high-temperature range (T > 500 K)
is possible. The application of TEGs at high-temperatures is advantageous because
of the increasing Carnot efficiency with increasing temperature. In general, the de-
sign of the generator exhibit a rigid form for high-temperature application due the
thermal lability of flexible substrate materials.
For deep insights into the solid state physical transport in each material of the entire
generator system, finite-element simulations were performed. That kind of simula-
tion can identify the quantity of electric contact resistances, which are a major con-
cern of entire thermoelectric system. To decrease the electrical contact resistances
at the material boundaries inside a thermoelectric generator, the connector material
as well as the thermoelectric materials have to be regarded. For the flexible TEGs,
the contact resistances were heavily decreased by the additional Ag-phase inside the
cobaltite matrix of the p-type material. The combination of Ag-containing p-type
ceramic-based composite materials and the Ag-epoxy resin as electric connector ex-
hibit very low resistivities of the entire TEGs. Hence, the available electric current
can be increased by implementing the Ag-containing composite instead of the pure
Ca3Co4O9 material, though the generated electric potential decreases.
In my opinion, the supply of thermoelectric devices will be increased in the future.
For local low-power energy conversion TEGs will be more suitable and can comple-
ment the market of decentralized electrical power supply, that is nowadays governed
by photovoltaic devices.
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